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For more than fifty years, observations of the cosmic microwave background (CMB) have
provided fundamental insights into the universe we inhabit. Through a combination of
ground-based and balloon- and satellite-borne experiments, we have measured the CMB’s
temperature anisotropy and power spectrum to high precision (Barrow & Coles, 1991; de
Bernardis et al., 2000; Planck Collaboration et al., 2016a). Most recently, experiments are
attempting to measure the CMB’s polarization anisotropy. Measurements of polarization
anisotropy will provide insight into the epoch of reoinization, information about the energy
scale of inflation, and characterization of galactic dust, for instance (Barkana & Loeb, 2001;
Hu, 2003; Planck Collaboration et al., 2016b).
These are difficult measurements to make, however. They require observations at both
large and small angular scales, and sensitive instruments capable of observing at multi-
ple wavelengths in order to constrain foreground contamination. One of the experiments
contributing to this effort is the third generation survey camera on board the South Pole
Telescope (SPT-3G; Benson et al., 2014). SPT is located at the geographic South Pole (el-
evation ∼2800 m), which is an exceptionally arid environment (Radford & Holdaway, 1998;
Radford, 2011). A fifty year study of precipitable water vapor (PWV) at the South Pole
found the average PWV is far less than 1 mm, making the South Pole one of the driest regions
on Earth (Chamberlin & Grossman, 2012). This is important for telescopes observing at mm
wavelengths, where atmospheric water vapor can severely attenuate the interesting radiation.
Other perks of observing from the Pole are that the SPT can easily avoid the galactic plane
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and its dust-contaminated signal, enabling it to integrate on a patch of extragalactic sky for
long periods. In addition, the low temperature variability of the six-month long polar night
keeps the atmosphere stable for long stretches. The SPT optics and structure benefit from
the low temperature variability as well, since thermal gradients across the SPT are small.
SPT’s 10 m primary aperture and diffraction-limited optics uniquely position it to map
the CMB at arcminute-scale angular resolution. SPT-3G—the new survey camera installed
during the 2016/2017 austral summer—is polarization sensitive, and observes in three band-
passes that correspond to atmospheric transmission windows. Although there are other
polarization-sensitive experiments that observe at multiple wavelengths, there are relatively
few that do so with multichroic, polarization-sensitive pixels. SPT-3G fits all three colors
(hence multichroic) and both polarizations within a single ∼5 mm diameter pixel footprint—
that’s six detectors per pixel footprint. To top it off, the camera contains more than 2700
of these pixels.
As it happens, building a multichroic, polarization-sensitive mm wave camera with ex-
ceptionally high detector density is an engineering challenge—or, seemingly, a countably
infinite set of challenges. This dissertation attempts to address one of them: antireflec-
tion (AR) coatings for high-refractive index optics. I say “attempts to address” because
the problem is far from solved. Rather, what follows is the first iteration of a process that
can complement the growing need for high detector density CMB experiments. With the
upcoming CMB-S4 project intending to field hundreds of thousands of detectors, the days
of bespoke quasi-optical coupling elements are drawing to a close. What we will need go-
ing forward is a scalable, high-throughput manufacturing process for quasi-optical coatings.
That is to say, something like the process detailed in this work. I also address the similar
challenge that is AR coating large-scale reimaging optics. Again, this isn’t a solved problem,
but we’ve developed a method that works well enough. The materials needed to manufacture
both the small-scale (i.e., quasi-optical) and large-scale AR coatings are inexpensive: about
iii
$1 per pixel for the quasi-optical coating; about $1500 per SPT-3G-sized lens. Both coatings
increase the amount of radiation transmitted through the optics by >25 % across all three
observing bands.
In addition to the manufacturing methods described above, this work introduces an
open-source Python package that will be beneficial to those who design and model mm
wave AR coatings, as well as laboratory measurements of SPT-3G AR coatings and their
constituent materials. These measurements include optical measurements (in the form of
Fourier-transform spectroscopy, vector network analysis, and reflectometry), x-ray spec-
troscopy, and scanning electron microscopy. There is also a discussion of the end-to-end
optical efficiency of the SPT-3G survey camera and some of the factors that impact it.
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1.1 Resistance as a function of temperature for a typical SPT-3G TES. The TES
is completely superconducting at ∼495 mK and exhibits its normal resistance,
Rn , above ∼505 mK. The region on the curve between T ≈ 495 mK and
T ≈ 505 mK is the superconducting phase transition. SPT-3G TESs are
typically operated in the∼0.7 Rn to∼0.8 Rn range in order to balance dynamic
range and detector stability. The temperature at which a TES device begins
to exhibit superconducting properties is called the “critical temperature,” Tc ;
it is a property of the materials used to make the TES. (Figure credit: SPT-3G
collaboration) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 A typical SPT-3G 220 GHz TES bolometer. A niobium microstrip (Nb) trans-
mits an electrical signal from the antenna (illustrated in Figure 1.3a) to the
suspended bolometer island. There, the electrical signal is dissipated as heat
by a 20Ω resistor. That thermal signal is absorbed by a layer of palladium
(Pd), providing input to the heat-sensitive TES. The released legs provide the
thermal link between the bolometer island and the rest of the silicon wafer,
which acts as the cryogenic bath. The length of the bolometer’s legs define
its response speed (i.e., its natural time constant, τ) in the absence of elec-
trothermal feedback. (Image reproduced from Posada et al. 2016) . . . . . . 6
1.3 (a) SPT-3G pixel architecture. 95 GHz, 150 GHz, and 220 GHz TES bolome-
ters are called out. The antenna (center of image) is a planar, log-periodic,
sinuous antenna with a wide frequency response (∼70 GHz to ∼270 GHz). Its
orthogonal arms provide polarization sensitivity; (b) SPT-3G in-line triplexer
filter. The filter divides the broadband output of the sinuous antenna into
three frequency bands, routing each band to the appropriately tuned bolome-
ter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 SPT-3G detector wafer in an Invar holder. Each detector wafer comprises
269 antenna pixels, with two unpatterned footprints used for tool alignment
during fabrication. The Invar holder is used to align and secure the lenslet
wafer (§ 1.5 and § 5.2.2) to the detector wafer. It also serves as the support
structure for the sub-Kelvin readout components (§ 1.4). (Image credit: SPT-
3G collaboration) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
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1.5 SPT-3G readout electronics. A U. S. quarter is used for scale in both pan-
els. Left panel: Cold components of the SPT-3G readout electronics. The
topmost PCB holds the 4 K SQUIDs; it is aptly called a “SQUID board.”
The SQUID board is connected to the “LC board”—the sub-Kelvin, read-
out channel-defining, inductor-capacitor filter bank—via Kapton-clad Nb/Ti
striplines (Avva et al., 2018). Right panel: Warm components of the SPT-
3G readout electronics. The ICE board (upper) and SQUID control board
(SQCB; lower) run the readout hardware and stream data to the data acqui-
sition system (DAQ) further downstream. (Image reproduced from Bender
et al. 2019.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.6 (a) Ray trace of the SPT-3G optics. (Image reproduced from Benson et al.
2014.) (b) Cutaway rendering of the SPT-3G cryostat showing the relative
positions of the alumina infrared filter, refractive optics, and lenslets, as well
as their approximate dimensions and operating temperatures. The cylindrical
shell on the right side of the image is the optics cryostat, which houses the
reimaging optics and Lyot stop. The box-like portion on the left side of
the image is the receiver cryostat, which that houses the detectors and cold
readout components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 Exploded-view rendering of a detector module assembly (without the cold
readout components). The gold frame is an Invar holder and the bottom-
most (gray) hexagon represents the detector wafer, both of which are visible
in Figure 1.4. The (gray) middle hexagon represents the lenslet array and
the topmost (white) hexagon represents its AR coating—both of which are
discussed further in chapter 5. Ten such detector modules are located at the
focal plane of SPT-3G, as shown in Figure 1.6b. . . . . . . . . . . . . . . . 12
1.8 Diagram illustrating how a high-dielectric material can simulate an elliptical
lens. (Image reproduced from Filipovic et al. 1993.) . . . . . . . . . . . . . 13
3.1 Diagram of showing how the multilayer dielectric slab problem can be de-









which relate to the system’s transmittance and reflectance, are the interesting
quantities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2 Comparison of experiment data and armmwave model. The code recovers the
fringe periodicity as well as the decay envelope over hundreds of gigahertz. . 30
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4.1 Scanning electron micrograph of an SPT-3G alumina infrared filter’s internal
microstructure. The infrared filter (also called a “window backing plate”) is
15 mm thick and made from CoorsTek AD-995 alumina. The SEM sample
is a cross-section taken from the near the outer edge of a broken infrared
filter—microporosity is a notable feature of these images. (a) Establishing
shot illustrating intragrain boundaries and micropore distribution. The preva-
lence of smooth faces indicate that fracturing occurred mainly along intragrain
boundaries. (b) Close-up view of an anomalously large void. This was the
largest void found in the roughly 1 cm × 1 cm sample area. Its morphology
is quite different from the more-typical micropores found elsewhere. The void
was probably formed by a different mechanism than the micropores were—
possibly the fracturing event itself. (c) Close-up view illustrating typical mi-
cropore morphology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Diagram of the PTFE molecule. . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Energy-dispersive spectrogram of Rogers Corporation RO3006 bondply, taken
in cross-section. (a) Scanning electron micrograph of the EDS target—a
PTFE filament, marked by the red reticle—and surrounding area. (b) Spec-
trogram of the EDS target. Silicon (Si), titanium (Ti), and oxygen (O) peaks
are due to the electron beam penetrating the thin PTFE filament. The main
PTFE signal is encoded in the fluorine (F) and carbon (C) peaks, which cor-
respond to the carbon backbone and attached fluorine atoms of the PTFE
molecule. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.4 Energy-dispersive spectrogram of Rogers Corporation RO3006 bondply, taken
in cross-section. (a) Scanning electron micrograph of the EDS target—a Tix
particle, marked by the red reticle—and surrounding area. (b) Spectrogram
of the EDS target. The two titanium (Ti) peaks are the result of Kα emis-
sion (4.512 keV) and Kβ emission (4.933 keV). The oxygen (O) peak appears
depressed in the spectrogram due to Ti’s outsized influence. In fact, O com-
prises ∼15 % of the total atomic weight of the sample. Ti comprises ∼78 %,
and other trace elements make up the difference. . . . . . . . . . . . . . . . 41
4.5 Energy-dispersive spectrogram of Rogers Corporation RO3006 bondply, taken
in cross-section. (a) Scanning electron micrograph of the EDS target—a Six
particle, marked by the red reticle—and surrounding area. (b) Spectrogram
of the EDS target. The silicon (Si) peaks due to Kα emission (4.512 keV) and
Kβ emission (4.933 keV) are nearly overlapping. The oxygen (O) Kα peak at
0.525 keV is clearly visible. . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
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5.1 Diagrams of the SPT-3G lens- and lenslet prescription AR coatings showing
the materials and nominal thickness of each layer: (a) The lens-prescription
coating uses intermediate LDPE bonding layers between the main dielectric
layers and the alumina substrate; (b) The main dielectric materials of the
lenslet-prescription coating are self-bonded and require no intermediate LDPE
layers. It is bonded to the alumina substrate by a thin layer of Stycast 1266.
The manufactured thickness of the Porex layer is 381 µm, but the layer is
compressed during the bonding process. The thickness shown is typical of
that layer after bonding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.2 (a) Exploded-view schematic of the lenslet-prescription AR coating, lenslet,
lenslet seating wafer, and detector wafer; The thin, red line called out by the
red arrow marks the position of the Stycast 1266 layer; (b) Infrared photograph
of a lenslet AR coating after lamination. Dashed lines mark the approximate
boundaries of the original materials; (c) Cutaway of a lenslet AR coating after
the molding and Stycast procedures. The coating and lenslet surface were
marred during cross-sectioning; (d) Close-up photograph of an assembled,
AR-coated, and laser-diced lenslet array; (e) Photograph of an AR-coated
lenslet array. The array comprises 271 coated elements; (f) Photograph of
the SPT-3G detector array taken before its final integration with the detector
cryostat. The ten white hexagons are AR-coated lenslet arrays. . . . . . . . 45
5.3 Schematic elevation view of the AR coating lamination press. The major
components are the bulk steel, precision-ground steel, and alumina plates. 3
8
inch diameter bolts with stack of Belleville spring discs provide the clamping
force. The thermocouple port accommodates a threaded K-type thermocou-
ple, which provides feedback to the PID oven controller. The materials directly
in contact with the PTFE, in this case the alumina, must be non-porous or
the PTFE will bond to them permanently. Dimensions are not to scale. . . 47
5.4 (a) Version 1 of the screw-driven press used to mold the laminated AR coatings
and cure the coated lenslet arrays. High-load die springs and a second platen
were included in version 2 of the die press. Further additions include a digital
readout and improved bracing. (b) Version 2 die press CAD model section-
view showing mold, spring, and bracing detail. The version 2 press is currently
used to produce molded lenslet AR coatings. (Not pictured: DRO and screw
handle.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.5 (a) Diagram illustrating the location of Stycast 1266 depositions around two
rows of lenslet on a populated seating wafer. Interior lenslets receive six dots
while lenslets around the perimeter receive five dots. The inset compares the
handling of corner pixels with that of edge and interior pixels. Pixel size and
pitch are to scale. (b) Section-view through the midplane of a single lenslet in
its seating wafer pocket. The angle of attack and positioning of the syringe tip
with respect to the lenslet and seating wafer pocket is shown. All dimensions
are to scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
xi
5.6 A Stycast 1266 fillet around the base of a lenslet. The fillet consists of
6× 10−4 cc epoxy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.7 Oven temperature profiles used for AR coating lamination. (top) The lens-
prescription lamination process requires two different temperature profiles.
The first profile (dashed line) reaches a maximum temperature of 140 ◦C and
is used when laying out the AR coating layer one at a time. The coating
isn’t securely adhered after having reached only 140 ◦C, which affords us some
flexibility in laying out the next layer. The second profile (solid line) reaches
a maximum temperature of 160 ◦C and is used as the final bake to secure
the coating in place. (bottom) The lenslet-prescription lamination process
can be achieved in a single pass, reaching a maximum temperature of 371 ◦C.
The most critical parts of the lenslet-prescription temperature profile are the
segments between 90 min and 420 min. . . . . . . . . . . . . . . . . . . . . . 55
5.8 Mean-subtracted elevation maps of a typical lenslet array at three stages in
its fabrication process: (a) receipt of the bare seating wafer. The lithography
process used to make the seating wafers causes radially dependent variation
in lenslet pocket depth. Typical variation is approximately ±25µm, though
there are occasional outliers; (b) populated lenslet wafer. Alumina hemisphere
tolerances are generally good, though occasionally we find one that has been
ground too low—and less often one that has not been ground enough; (c) and
the coated lenslet array. Mapping the arrays in this way allows us to visualize
the effects of stack-up, and gives us a measure of quality control. On a long
baseline, it can be a useful element of statistical process control. . . . . . . 59
5.9 Modeled transmittance of a single-surface, lossless lens-prescription coating
with (blue) and without (red) LDPE bonding layers on a lossless alumina sub-
strate. The modeled response of a lenslet-prescription coating (black), which
is self-bonded and does not use LDPE, is shown for comparison. The dif-
ference between the lens-prescription coating without LDPE and the lenslet-
prescription coating lies in the low-dielectric layer: the lens prescription uses
Zitex G-115; the lenslet prescription uses Porex PM-23J. The vertical grey
bars mark the SPT-3G 95 GHz, 150 GHz, and 220 GHz observing bands, re-
spectively. LDPE bonding layers affect the response of the coating at the level
of a few percent, boosting transmittance in the 95 GHz and 150 GHz bands
and depressing it in the 220 GHz band. The mean in-band transmittance
is given for each band in blue (top), red (middle), and black (bottom) text,
corresponding to simulations of the lens-prescription coating with LDPE, the
lens-prescription coating without LDPE, and the lenslet-prescription coating,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.10 Photograph of the AR-coated SPT-3G collimator lens illustrating its radius
of curvature. The lens is 69 mm thick at its center. . . . . . . . . . . . . . . 63
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5.11 We chose the illustrated seam patterns in an effort to minimize AR coating
material waste while covering the largest possible area without the material
wrinkling. Zitex G-115 is very compliant, so we were able to use it in its man-
ufactured form. The RO3035 and RO3006 materials, however, are somewhat
stiffer and prone to tearing. For this reason we selected a radially symmetric
petal-like pattern for the curved surfaces. The RO3035 and RO3006 seam
pattern for flat surfaces provided the most efficient practical use of the mate-
rials. (a) Seam layout for the RO3035 and RO3006 layers on curved surfaces.
Sections were clocked and scaled as necessary to minimize seam overlap; (b)
Seam layout for the Zitex G-115 layer on both flat and curved surfaces; (c)
Seam layout for the RO3006 and RO3035 layers on flat surfaces. Sections
were clocked to minimize seam overlap. Projections of the seams for both the
lenses and infrared filter are shown in Figure 5.12. . . . . . . . . . . . . . . 63
5.12 Projections of the seam layout for the three coated SPT-3G lenses (a) and
the single coated infrared filter (b) onto a plane parallel with the optics’ flat
surfaces. The projections show all three coating materials on both sides of
the large-format optics: Zitex G-115 (dotted), RO3035 (dashed), and RO3006
(dot-dot-dashed). Flat/bottom surfaces are marked in blue and curved/top
surfaces are marked in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.1 Diagram of the FTS measurement optical chain (left) and a detailed diagram
of the optics stack assembly (right). Eccosorb HR-10 (not shown) was attached
to surfaces of the optics stack assembly along the optical path in order to
minimize stray reflections. The liquid helium-cooled detector dewar contains
a monolithic silicon bolometer that is coupled via a Winston cone. Dimensions
are not to scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.2 Measured transmittance of the lens- (top) and lenslet-prescription coatings
(bottom) at room temperature. The solid blue line and light-blue shaded
region are the measurement data and associated 1σ uncertainties; the red line
is the model, which is produced using best-fit values for the optical properties
of each material. The vertical grey bars mark the SPT-3G 95 GHz, 150 GHz,
and 220 GHz observing bands, respectively. The passband of the detector used
in the experiment was ∼130 GHz to ∼600 GHz, but we restricted the fit region
to 150 GHz to 350 GHz. The lens-prescription data curve and associated error
bars are the result of five interferograms, while the lenslet-prescription data
curve and associated error bars are the result of eight. . . . . . . . . . . . . . 75
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6.3 Measured transmittance of the lens-prescription coating at 77 K. We conduc-
tively cooled the sample through the edges of the discs using liquid nitrogen.
This allowed the interior of the sample holder (above the surface of the sample
and liquid-phase nitrogen) to be a predominantly nitrogen gas environment,
preventing frost build-up on the sample. The solid blue line and light-blue
shaded region are the measurement data and associated 1σ uncertainties; the
red line is the model, which is produced using best-fit values for the opti-
cal properties of each material. The vertical grey bars mark the SPT-3G
95 GHz, 150 GHz, and 220 GHz observing bands, respectively. The passband
of the bolometer used in the experiment was ∼130 GHz to ∼600 GHz, but we
restricted the fit region to 150 GHz to 350 GHz. The lens-prescription data
curve and associated error bars are the result of nine interferograms. The
lenslet-prescription coating did not survive the cooldown to 77 K, so data for
that sample are not shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.4 Measured reflectance of lens-prescription coatings at room temperature. The
dashed black line is the best-fit model to our FTS measurements of the lens-
prescription coating, the blue curve shows reflectometer data, and the red
curve shows single-port VNA data. The vertical grey bars mark the SPT-3G
95 GHz and 150 GHz observing bands. The sample substrate used in the FTS
and VNA measurements was a different formulation than the substrate used in
the reflectometer measurement. Accounting for the 10◦ incident angle used in
the reflectometer measurement (vs. the normal-incidence VNA measurement)
does not explain the difference in the data. . . . . . . . . . . . . . . . . . . . 78
6.5 Best-fit models to laboratory measurements of the SPT-3G lens- and lenslet-
prescription antireflection coatings. The curves show the response of a coating
attached to one side of a lossless, infinite alumina substrate. The shaded
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7.1 Measured end-to-end optical efficiency of the SPT-3G survey camera, refer-
enced to RCW38. ηRCW38, the end-to-end SPT-3G optical efficiency, split
by observing band. Optical efficiency is calibrated to RCW38 or MAT5a
(NGC 3576), both of which are well-characterized HII regions (Puchalla et al.,
2002; Coble et al., 2003). We use the known brightness of these sources to es-
timate an absolute temperature calibration for each detector. The efficiency
distributions represent active bolometers on a single, well-characterized de-
tector module—those bolometers on W176 responding to a chopped thermal
source with a signal-to-noise ratio >20)—in each RCW38 observation between
11 February 2019 and 06 June 2019. The dashed lines mark the median of the
associated distribution. (Figure to appear in SPT-3G collaboration, in prep.) 85
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7.2 The SPT-3G cold optical chain transmittance model. The vertical grey bands
mark the SPT-3G observing bands. Each curve models a separate optical el-
ement in the chain; the corresponding shaded regions mark the ±1σ error on
the materials’ loss tangents. The orange and blue curves show the combined
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black points and associated error bars mark the measured, in-band ηRCW38 .
The field lens (pink) and aperture lens (red) are the same thickness to within
∼0.5 mm, so those curves are nearly indistinguishable. . . . . . . . . . . . . 86
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In this chapter I introduce the third-generation South Pole Telescope survey camera (SPT-
3G). I begin by giving an overview of the experiment’s science goals. I then briefly describe
its detector and readout systems, which are important for context, before discussing its new
major optical components.
1.1 The third-generation South Pole Telescope survey
camera (SPT-3G)
The third-generation South Pole Telescope survey camera (SPT-3G) is a mm wave survey
camera optimized for high-resolution mapping of the cosmic microwave background (CMB).
SPT-3G is located at Amundsen-Scott South Pole Station, Antarctica, a year-round research
station located at the geographic South Pole. The survey camera observes in three frequency
bands that correspond to atmospheric transmission windows. Those bands are centered at
approximately 95 GHz, 150 GHz, and 220 GHz, with roughly 25 %, 21 %, and 21 % fractional
bandwidth, respectively (Nadolski et al., 2020).
The SPT-3G survey began science-quality operations in 2018 and is expected to run
until 2023. The survey covers a roughly 1500deg2 footprint that overlaps the footprint
of the recently completed Dark Energy Survey, and fully encompasses the footprint of the
Portions of this chapter are being prepared for publication by the South Pole Telescope collaboration.
The manuscript’s working title is “The SPT-3G Survey Instrument.”
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complementary BICEP/Keck Array survey. By the end of its lifetime, SPT-3G will have
produced the highest resolution, highest signal-to-noise CMB maps available.
1.2 Science goals
The current frontier of CMB science is the effort to characterize the CMB polarization
anisotropy, which can be decomposed into E-modes and B-modes—respectively, the curl-
and divergence-free components. E-modes can be produced by both tensor perturbations
(e.g. gravity) and scalar perturbations (e.g. density). On large angular scales, B-modes are
believed to be produced only by primordial gravitational waves (Abazajian et al., 2015a).
Degree-scale measurements of B-mode polarization—like those conducted by BICEP2 (BI-
CEP2 Collaboration et al., 2014)—can give us a handle on the energy scale of inflation
through their relation to r, the tensor-to-scalar ratio. But measuring r is challenging, in part
because primordial E-modes can be converted to B-modes through gravitational lensing (Zal-
darriaga & Seljak, 1998). (BICEP2/Keck Collaboration et al. 2015 illustrates another serious
problem: galactic dust.) The lensing signal is mainly a problem at smaller (∼arcminute)
angular scales, but we have to account for the effect to pursue the faint gravitational wave
signal. This is one area where SPT-3G is poised to make significant contributions. The
arcminute-scale angular resolution of SPT-3G makes it sensitive to lensing B-modes, which
enables us to remove them from the primordial B-mode signal (a process called delensing)
and conduct joint cosmological analyses with degree-scale experiments like BICEP/KECK
(Benson et al., 2014). We can also use these high-resolution, lensing B-mode maps to better
understand large scale structure by combining them with other probes of large scale struc-
ture. Galaxy counts and their spatial distribution are also used to probe the underlying
matter distribution, informing us about the physics in the early universe as well as the evo-
lution of structure in later epochs (Abbott et al., 2018). Since these methods have different
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systematics, they can be used jointly to break degeneracies and reduce bias in analysis (Fab-
bian et al., 2019). Studies of CMB lensing cross-correlation—like those conducted by Baxter
et al. (2016) and Omori et al. (2019a,b)—are also interesting, and will be valuable going
forward.
Lensing B-modes aren’t simply a nuisance—they’re interesting in their own right: they
can tell us about the properties of neutrinos, namely the sum of their masses, Σmν (Abazajian
et al., 2015b). Massive primordial neutrinos suppress structure growth at galaxy cluster
scales (Bond et al., 1980; Hu et al., 1998), which appear as arcminute-scale projections on
the CMB. Measurements of lensing B-modes, then, probe the region of the matter power
spectrum where neutrino mass plays an important role.
The galaxy clusters themselves encode interesting science, too. High-resolution, mm
wave maps of the CMB, like those produced by the SPT cameras, can reveal these massive,
gravitationally bound objects nearly independent of redshift (Bleem et al., 2015; Bocquet
et al., 2019; Bleem et al., 2020; Huang et al., 2020). The high signal-to-noise maps produced
by the sensitive SPT-3G survey camera will reveal galaxy clusters of even lower mass than
the camera’s predecessors. Since low-mass galaxy clusters are older than their high-mass
counterparts, SPT-3G will probe higher-redshift large-scale structure evolution than was
possible before.
The SPT-3G survey camera, like its predecessors, can take advantage of yet another
window onto the high-redshift universe: submillimeter galaxies (SMGs). SMGs were first
discovered in SPT data by Vieira et al. (2010) and have since been followed up by campaigns
with space- and ground-based observatories such as Herchel/SPIRE and ALMA. These dusty,
star-forming galaxies are thought to be the progenitors of today’s so-called “red and dead”
elliptical galaxies. By observing these (typically) lensed, high-redshift objects, we can begin
to piece together the phases of galaxy evolution, and probe the epoch of reionization (Hezaveh
et al., 2012; Spilker et al., 2016; Marrone et al., 2018). The SPT has discovered the highest
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redshift SMG to date (SPT-0311 at z = 6.9; Strandet et al., 2017) and boasts the most
complete sample of these exotic galaxies (Strandet et al., 2016; Reuter, C., et al., in prep.).
The improved sensitivity of the SPT-3G survey camera over its predecessors will reveal
thousands of new SMGs, bolstering the statistical significance of the SPT sample.
1.3 Detectors
SPT-3G employs the most common type of detector used in CMB experiments: the super-
conducting transition-edge sensor (TES) bolometer. (See Irwin & Hilton 2005 for a good
introduction to TESs. It should be required reading for all CMB experimentalists.) These
highly sensitive devices are thin-film metal depositions held in their superconducting phase
transition at a constant voltage (i.e., “voltage biased”), or—rarely, nowadays—at a constant
current (i.e., “current biased”). I will only consider voltage-biased TES bolometers in this
work.
As a TES approaches its superconducting state, its DC electrical resistance sharply drops
from a finite value—its normal resistance, Rn —to zero (Figure 1.1). The temperature range
over which that drop occurs is the superconducting phase transition (or just “the transi-
tion”). A small thermal input to a device held in its superconducting transition (e.g., the
energy deposited by a mm wave photon) yields a significant change in the device’s electrical
resistance. Since the device’s voltage is held constant and the resistance is changing, the
current through the device changes.
The major components of an SPT-3G TES bolometer are a thermistor, an absorbing
material with heat capacity C, and a weak thermal link to a cryogenic bath, G. The weak
thermal link and the heat capacity of the absorber define the device’s natural thermal time
constant, τ , which is the speed of the TES response in the absence of electrothermal feedback.
While C is a property of the absorbing material, G—and so τ—can be tuned by changing
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Figure 1.1: Resistance as a function of temperature for a typical SPT-3G TES. The TES
is completely superconducting at ∼495 mK and exhibits its normal resistance, Rn , above
∼505 mK. The region on the curve between T ≈ 495 mK and T ≈ 505 mK is the supercon-
ducting phase transition. SPT-3G TESs are typically operated in the ∼0.7 Rn to ∼0.8 Rn
range in order to balance dynamic range and detector stability. The temperature at which
a TES device begins to exhibit superconducting properties is called the “critical tempera-
ture,” Tc ; it is a property of the materials used to make the TES. (Figure credit: SPT-3G
collaboration)
the geometry of the bolometer structure. The thermistor is a bi-metal film deposition1 that
is held in its superconducting transition and reacts to heat dissipated by a 20Ω Ti/Au
resistor. The load resistor deposits heat onto a palladium (Pd) absorber (C) overlapping
the ends of the thermistor. The weak thermal link (G) is provided by the legs of the
suspended bolometer island, shown in Figure 1.2. Details of SPT-3G detector fabrication
and characterization have been reported in several publications, notably Posada et al. (2016)
and Anderson et al. (2019).
We attempt to tune the sensitivity of TES devices to be background-limited so that
photon shot-noise is the dominant noise source. Under the assumption of background-limited
1 Most SPT-3G TES thermistors are titanium-gold (Ti/Au) structures, though some detector wafers have
been made using aluminum-manganese (Al/Mn) structures. As of 2019, only one installed detector module







Figure 1. (a) Overview of a multichroic pixel showing the sinuous antenna coupled through a microstrip transmission line to 
six TES bolometers. (b) Center of the sinuous antenna.  The CMB signal received by the antenna capacitively couples to the 
microstrip transmission line running on the metallic arms of the antenna, which serve as the ground plane of the microstrip. 
(c) A Nb/SiOx/Nb cross-over structure used to route the signal from the antenna to the bolometers. (d) Laser micrograph of 
one of the 220 GHz detectors. The Si under the bolometer island and each of the four the legs is removed to define the weak 
link between the bolometer island and substrate. (e) Top view of the bolometer island. The signal brought by the microstrip 
from the antenna is absorbed in a 20 Ohm Ti/Au (40 nm/5 nm) load resistor. The power dissipated by the resistor is 



































Figure 1.2: A typical SPT-3G 220 GHz TES bolometer. A niobium microstrip (Nb) transmits
an electrical signal from the antenna (illustrated in Figure 1.3a) to the suspended bolometer
island. There, the electrical signal is dissipated as heat by a 20Ω resistor. That thermal
signal is absorbed by a layer of palladium (Pd), providing input to the heat-sensitive TES.
The released legs provide the thermal link between the bolometer island and the rest of the
silicon wafer, which acts as the cryogenic bath. The length of the bolometer’s legs define its
response speed (i.e., its natural time constant, τ) in the absence of electrothermal feedback.
(Image reproduced from Posada et al. 2016)
sensitivity, the only way to increase the overall sensitivity of a CMB experiment is to increase
its number of detectors. But every experiment’s focal plane area is limited, so the method
by which CMB radiation is coupled to the bolometers is a critical design consideration. A
number of coupling methods have been used in different CMB experiments: waveguide-to-
TES (Chang et al., 2009); waveguide-to-probe-to-TES (Henning et al., 2012; Dahal et al.,
2019); planar, phased-array antenna-to-TES (Hui et al., 2016); lenslet-to-antenna-to-TES
(Kermish et al., 2012; Inoue et al., 2016; SPT-3G collaboration, in prep.). Some methods,
like SPT-3G’s lenslet-to-antenna-to-TES coupling (more succinctly, “quasi-optical coupling”
or “lenslet coupling”; discussed further in § 1.5), lend themselves to greater detector density
than others. All other things being equal, the greater the number of detectors, the greater
the instrument’s sensitivity.
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SPT-3G achieves high detector density (i.e., a large number of detectors per unit area) by
using multichroic pixels. Each pixel comprises a broadband, polarization-sensitive antenna
with three bolometers per polarization, for a total of six detectors per pixel (Figure 1.3a).
This kind of configuration is made possible by the wide frequency response of the antenna—a
(a) (b)
Figure 1.3: (a) SPT-3G pixel architecture. 95 GHz, 150 GHz, and 220 GHz TES bolometers
are called out. The antenna (center of image) is a planar, log-periodic, sinuous antenna with
a wide frequency response (∼70 GHz to ∼270 GHz). Its orthogonal arms provide polarization
sensitivity; (b) SPT-3G in-line triplexer filter. The filter divides the broadband output of the
sinuous antenna into three frequency bands, routing each band to the appropriately tuned
bolometer.
planar, log-periodic, sinuous structure—and the use of in-line triplexer filters (Figure 1.3b)
that divide the antenna output and route constituent signals to appropriately tuned bolome-
ters (O’Brient et al., 2013).
That these are all planar structures means it’s possible to achieve consistent, high-volume
production using standard lithography techniques. SPT-3G uses such techniques to produce
arrays of these pixels on 150 mm diameter, high-purity silicon wafers. Each detector wafer
is made up of 269 antenna pixels, with two unpatterned pixel footprints reserved for tool
alignment during fabrication (Figure 1.4).
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Figure 1.4: SPT-3G detector wafer in an Invar holder. Each detector wafer comprises 269
antenna pixels, with two unpatterned footprints used for tool alignment during fabrication.
The Invar holder is used to align and secure the lenslet wafer (§ 1.5 and § 5.2.2) to the detector
wafer. It also serves as the support structure for the sub-Kelvin readout components (§ 1.4).
(Image credit: SPT-3G collaboration)
1.4 Readout
Digitizing the signal produced by ∼16 000 sub-Kelvin TES bolometers and recording it to a
room-temperature computer is an engineering challenge. The task must be accomplished in
such a way that the small TES output is detectable above the noise floor of the non-cryogenic
electronics while the TES itself remains at its nominal sub-Kelvin operating temperature.
The prevailing way to achieve this for a voltage-biased TES bolometer—the means used by
SPT-3G—is the superconducting quantum interference device (SQUID) current amplifier,
or simply SQUID.
A SQUID is an extremely sensitive detector of magnetic flux, Φ, that operates by ex-
ploiting two phenomena: flux quantization within a superconducting loop, and Josephson
tunneling (Braginski & Clarke, 2005; Chesca et al., 2005). Individual SQUIDs may be com-
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bined in series2 to create a SQUID array that acts as a single amplifying circuit element.
These low noise, low input-impedance SQUIDs serve as effective first-stage amplifiers in the
detector readout chain. They also lend themselves to channel multiplexing, which reduces
the number of wire pairs connecting warm and cold components, and is critical to keeping
103–105 TESs operating at sub-Kelvin temperatures (Lanting, 2006).
SPT-3G employs 68× digital frequency-division multiplexing (dfmux3 or DfMux) that
allows a SQUID to read out up to 68 detector channels simultaneously on a single pair
of wires (Dobbs et al., 2008; Bender et al., 2014, 2019). Though not used by SPT, other4 A. N. Bender1,2 et al.
Fig. 2 Left: The cryogenic components in the SPT-3G fMux readout. In the center of the photograph is a
single 68x multiplexing LC filter network chip that connects to the SQUID (top of photograph) via stripline
wiring. Also shown is the mechanical shield for the LC chip and magnetic shield for the SQUIDs. Right: The
custom FPGA and SQUID control boards. (Color figure online.)
boards perform the required digital signal processing (modulation, demodulation, and feed-
back). A second custom board operates the SQUIDs [17, 18].
3 On-Sky Performance
3.1 Yield
The overall sensitivity of a CMB receiver scales directly with the number of optically sen-
sitive detectors. Any readout components that are inoperable reduce the total number of
useable detectors. The total number of resonant filters identified in the characterization of
the SPT-3G readout combines detector and readout yield together. The detector wafers are
electrically probed at room temperature prior to assembly, providing an independent esti-
mate of detector yield. The table below presents a summary of this yield accounting. The
readout yield is estimated from the number of identified resonances, accounting for detec-
tors that measured disconnected in a room temperature probing. Loss in the readout occurs
in the cryogenic components in two main ways. First, an entire module is disconnected ei-
ther at the stripline connections or the LC chip. Current data suggests this has occurred for
2-3 out of the 240 modules within SPT-3G. Second, individual LC pairs are non-functional,
















16,200 480 14,712 15,192 14,260 ⇠94%
3.2 Crosstalk
Electrical crosstalk from the fMux system copies sky signals from one detector into the
data of another. The resulting bias on the measured CMB polarization is either a leakage
of temperature signal into polarization or an incorrect polarized beam [19, 20]. There are
three expected types of crosstalk within an fMux module [3]. First, there is crosstalk due to
overlapping bandwidth between LC filters closely spaced in frequency. Second, the inductors
within a module can couple via mutual inductance. Finally, the stripline wiring that connects
Figure 1.5: SPT-3G readout electronics. A U. S. quarter is used for scale in both panels.
Left panel: Cold components of the SPT-3G readout electronics. The topmost PCB holds
the 4 K SQUIDs; it is aptly called a “SQUID board.” The SQUID board is connected to the
“LC board”—the sub-Kelvin, readout channel-defining, inductor-capacitor filter bank—via
Kapton-clad Nb/Ti striplines (Avva et al., 2018). Right panel: Warm components of the
SPT-3G readout el ctronics. The ICE board (upper) an SQUID control board (SQCB;
lower) run the readout hardware nd stream data to the data acquisition system (DAQ)
further downstream. (Image reproduced from Bender et al. 2019.)
multiplexing methods such as time-division and microwave multiplexing—tmux and µmux,
respectively—have been demonstrated and are addressed elsewhere (Irwin & Lehnert, 2004;
2 In practice, the term SQUID may be used to refer to either an individual device or an array of SQUIDs,
and it may be left to the reader to guess at the meaning based on context. In modern CMB literature we
tend to mean “an array of SQUID devices” rather than a single amplifier. That said, the operating principles
are the same in either case.
3 Sometimes this scheme is just called “fmux,” and “digital” is implied. Originally, frequency-division mul-
tiplexing was analog, and the “digital” distinction was important during the transition to newer techniques.
9
Battistelli et al., 2008; Dober et al., 2017). µmux in particular may play an important role
in future CMB experiments due to its high multiplexing factor.
1.5 Optics
The SPT is an offset Gregorian design with a segmented 10 m primary mirror (Padin et al.,
2008b); its mirror segments are aligned to within 25µm RMS. The focal length of the
primary is 7 m, with prime focus set 300 mm below the primary mirror (Carlstrom et al.,
2011). Warm aluminum secondary and tertiary mirrors couple the primary aperture to
the SPT-3G cryostat. The ellipsoidal secondary is 1.75 m diameter and the flat tertiary is
850 mm× 700 mm.
The cryostat is divided into two sections: the optics cryostat (Figure 1.6a and Fig-
ure 1.6b—which houses the vacuum window, infrared filter, reimaging optics, and Lyot
stop—and the receiver cryostat—which houses the detector modules (Figure 1.7), their sup-
port structure, and cryogenic elements of the readout electronics. The SPT-3G reimaging
optics (Figure 1.6a and Figure 1.6b) comprise three sintered, polycrystalline aluminum oxide
(alumina) lenses; each lens is a 720 mm diameter, plano-convex, 6th-order asphere that is held
at ∼4 K. A 15 mm thick alumina infrared filter is positioned in front of the field lens near the
cryostat aperture. The infrared filter, held at ∼50 K, reduces optical loading on downstream
cryogenic components.. Both the lenses and infrared filter were made by CoorsTek from their
AD-995 powder formulation (n4K ≈ 3.09; optical tests of AD-995 alumina are discussed in
chapter 6).
Due to the high refractive index of alumina, nearly 30 % of radiation is reflected at
the vacuum-alumina interface, which diminishes optical and cryogenic performance (Hecht,
2016). All vacuum-facing alumina surfaces (infrared filter, reimaging optics, focal plane

































Figure 5. Left: Layout of the spt-3g optical design. The optics consist of an ellipsoidal secondary mirror and three
cryogenically cooled alumina lenses. A cold Lyot stop defines the 8 m primary illumination and controls stray light. Right:
Strehl ratio vs focal plane position at 95 (blue), 150 (red), and 220 (green) GHz. The lines corresponds to a cut across
the focal plane’s y-axis (solid) and x-axis (dashed). The 430 mm diameter focal plane covers a 1.9  FOV at with f/1.83
beams. The optical performance is excellent, with Strehl ratios > 0.98, 0.96, 0.93 at 95, 150, 220 GHz, respectively, across
the FOV.
thickness. Prototype flats and lenslets with multiple, tuned dielectric constant layers have been fabricated,
survived many cryogenic thermal cycles, and shown to perform well optically over a broad band (see Figure 6).
The total reflection losses for a preliminary 3-layer coating design formed from these materials and optimized at
150 GHz, over 7 surfaces (three lenses plus the silicon lenslet), are calculated to be 6%, 3%, and 17% at 95, 150,
and 220 GHz, respectively.
3.2 Receiver Design and Cryogenics
The spt-3g receiver design builds upon the tested technology of spt-sz and spt-pol. The focal plane is
cooled to ⇠ 260 mK by a 3He-based closed cycle refrigerator ‡, operating from a Cryomech pulse-tube cryorefrig-
erator. The 3He refrigerator will be three-stage 4He-3He-3He system, similar to what was used for both spt-sz
and spt-pol, except with an additional head for the 4He stage, designed to provide an additional thermal in-
tercept to bu↵er the 3He stages and increase the receiver duty cycle to > 90%. The cold optics share a common
vacuum space with the focal plane, but are cooled by their own pulse-tube refrigerator to simplify the cryogenic
design as well as increase overall cooling power.
The large optical throughput of the instrument requires a 700-mm diameter vacuum window located at the
Gregorian focus. An expanded polyethylene foam window provides both thermal insulation and IR blocking. To
achieve this large diameter, we plan to mechanically support the cold side of the foam using the first alumina
lens. FEA analysis of the alumina indicates that it has su cient strength to perform this role. The window
supporting lens will be conductively cooled to < 70 K using the first stage of the optics pulse-tube cooler. This
has the benefit of reducing mm-wavelength emission and IR loading on the 4K optics, will reduce the number
of free-space capacitive mesh filters needed, and will result in much lower total mm-wave emission on the focal
plane than in the current generation SPT receiver. A smaller prototype foam window with a cooled back surface
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Figure 1.6: (a) Ray trace of the SPT-3G optics. (Image reproduced from Benso et al. 2014.)
(b) Cutaway rendering of the SPT-3G cryostat showing the relative positions f the alumina
infrared filter, refractive optics, and lenslets, as well as their approximate dimensions and
operating temperatures. The cylindrical shell on the right side of the image is the optics
cryostat, which houses the reimaging optics and Lyot stop. The box-like portion on the left
side of the image is the receiver cryo tat, which that houses th detector d cold re dout
components.
antireflection (AR) coating. (Fabrication of the coatings is discussed in chapter 5; optical
tests of the coatings are discussed in chapter 6.) In addition to the three cryogenic lenses, the
receiv r cryostat houses a 4 K Lyot to , located b tween the aperture and collimator enses.
The 280 mm diameter Lyot stop reduces sidelobes and provides 8 m diameter illumination
centered on the primary mirror. Eccosorb HR-10 lines the walls of the cryostat and the Lyot
stop to absorb stray light, and baffling throughout the optics cryostat cuts down on stray
rays.
At the focal plane, radiation is quasi-optically coupled to polarization-sensitive detec-
tors (§ 1.3) using ten densely packed arrays of extended hemispherical dielectric lenses that
are held at ∼300 mK (Filipovic et al., 1993). The individual elements of these arrays are
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Figure 1.7: Exploded-view rendering of a detector module assembly (without the cold read-
out components). The gold frame is an Invar holder and the bottommost (gray) hexagon
represents the detector wafer, both of which are visible in Figure 1.4. The (gray) middle
hexagon represents the lenslet array and the topmost (white) hexagon represents its AR
coating—both of which are discussed further in chapter 5. Ten such detector modules are
located at the focal plane of SPT-3G, as shown in Figure 1.6b.
colloquially called “lenslets” and the arrays are called “lenslet arrays” (discussed further in
§ 5.2.2). An extended hemispherical lens is composed of a hemispherical component affixed
to an extension. In this case, 5 mm diameter alumina hemispheres are epoxied to a silicon
wafer by means of a small Stycast 1266 fillet. Usually an extended hemispherical lens em-
ploys the same material for both hemisphere and extension, but this is not strictly required.
SPT-3G opted for alumina hemispheres, which can be manufactured for ∼1/20 the cost of
silicon hemispheres. The raw lenslets were produced by Kyocera and then ground to the
hemispherical specification by TN Michigan (Hoover Precision at the time of manufacture).
An advantage of the extended hemispherical lens is that it approximates an elliptical
lens for high-dielectric materials, such as alumina and silicon (Figure 1.8). A useful property
of an elliptical lens is that collimated rays normally-incident at the vertex map to a point
at the far focus (Hecht, 2016). Sometimes it’s easier to think in the time-reversed sense:
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Figure : The extended hemispherical lens and the ray-tracing/field-integration technique.
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Figure 2: The synthesis of an elliptical lens from a h yperhemisphericai lens and planar
wafers. The extended hemisphere is a very good geometrical approximation to an elliptical
lens at high dielectric constants.
Figure 1.8: Diagram illustrating how a high-dielectric material can simulate an elliptical
lens. (Image reproduced from Filipovic et al. 1993.)
a point source at the focus of an elliptical lens—in our case the antenna feed—maps to
collimated rays at the far vertex. The lenslet arrays substantially increase the forward gain
of the sinuous antennas, creating a Gaussian main lobe and reducing sidelobes if reflections
are sufficiently minimized. Single-pixel measurements of 150 GHz detector beams indicate
that the beams are indeed approximately Gaussian (Pan et al., 2018). Work to characterize




In this chapter I review theoretical background important for understanding mm wave an-
tireflection (AR) coatings and their properties. The optical properties of materials are often
characterized by either of two pairs of parameters: the refractive index and extinction coeffi-
cient (§ 2.1), or the dielectric constant and loss tangent (§ 2.2). These quantities are related
and the choice of which to use is usually a matter of convenience. Understanding the origin
and relationships of these parameters is helpful when working on applications in the high-
frequency microwave regime. Among these applications are AR coatings (§ 2.3), which can
be thought of in both optical and transmission lines terms.
2.1 The complex refractive index
In a linear, homogeneous, isotropic medium without free charges, Maxwell’s equations take
their macroscopic form:
∇ · εE = 0 (2.1)
∇× E = −µ ∂H
∂t
(2.2)
∇ · µH = 0 (2.3)
∇×H = ε ∂E
∂t
+ σE . (2.4)
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Here ε, µ, and σ are the electrical permittivity, magnetic permeability, and optical con-
ductivity of the medium, respectively. In microwave engineering literature Equation 2.1 –
Equation 2.4 are often written in terms of the constitutive relations
D = εE ,
B = µH , and
J = σE .
Using the vector identity
∇× (∇× E) =∇(∇ · E)−∇2E (2.5)
































which is the wave equation for a plane wave propagating in an absorptive medium. We can
write down the electric field as
E = E0 exp j(ωt− q̃ · r) (2.7)
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where the tilde indicates a complex value. The complex wave vector, q̃, encodes attenuation
within the medium.
Going forward we’ll consider a polarized wave propagating along the z-axis—this is a
common, useful approximation for systems of stratified dielectric media. Equation 2.7 then
becomes
E = E0 exp j(ωt− q̃z) x̂ . (2.8)
Substituting Equation 2.8 into Equation 2.6 and expanding the derivatives we get






= jωE . (2.11)
Rewriting Equation 2.6 with Equation 2.9 through Equation 2.11 and cancelling like-terms,
we’re left with an expression for the complex wave vector, q̃. Since we’re only concerned
with non-magnetic media we may let µ ≈ 1, which yields
q̃2 = ω2 (ε− j σ
ω
) . (2.12)
Taking the square root, we get the complex refractive index ñ written in terms of the con-
ventional optical constants, n and κ (the usual refractive index and extinction coefficient),
q̃ = ω ñ = ω (n− jκ) . (2.13)
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2.2 The complex permittivity
For mm wave applications, the dielectric constant and loss tangent are often more convenient
quantities to work with than the refractive index and extinction coefficient. To that end, we
may relate the dielectric constant and loss tangent to a complex permittivity in basically the
same way as we did n and κ to ñ. First we start with Equation 2.4 and recognize εE as the
displacement field, D. In a lossy dielectric material, D encodes a measure of the material’s
susceptibility to polarization—aptly called the electric susceptibility, χe:
D = εE = ε0(1 + χe)E . (2.14)
All real materials have a non-zero electric susceptibility, which is to say that they contain
dipoles at the molecular, ionic, or atomic level. An applied alternating electric field will cause
those dipoles to oscillate as they attempt to align with the field. The energy dissipated by
the dipole oscillation can be written as an imaginary component of the complex permittivity
ε̃ = ε0(1 + χe) = ε
′ − jε′′ . (2.15)
Dipole oscillation is not the only loss mechanism at play, however. We may use this new,
complex-valued expression for the permittivity to rewrite Equation 2.4. Taking the time
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derivative of E and rearranging,
∇×H = (ε′ − jε′′)(jω)E + σE
= (ωε′′ + jωε′)E + σE
= (ωε′′ + σ + jωε′)E
= (ε′ − jε′′ − j σ
ω
)jωE






we see that the optical conductivity, σ, also plays a role in dissipating energy.
It’s difficult to experimentally distinguish between loss in a material due to permittivity
and loss due to optical conductivity. Laboratory measurements of what may be broadly
called “dielectric loss” are usually not sensitive to the underlying physical and chemical
causes. Instead it is more practical to define a quantity that encompasses both types of loss.





We can choose to combine the imaginary parts of Equation 2.16 into an effective permittivity





This is a convenient form since materials are usually characterized at a particular frequency
in terms of their (real) permittivity and loss tangent. Simplifying the loss tangent expression
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in this way allows us to replace the complex ε̃ (Equation 2.15) with
ε̃ = ε′ − jε′′




= ε′(1− j tan δ) . (2.19)
Equation 2.19 can be a useful form in transfer matrix calculations, which are discussed in
chapter 3.
2.3 Thin-film AR coatings
At each interface where there is a change in refractive index, some fraction of incident
radiation is reflected and some is transmitted. In the case of a non-absorbing medium, this




n0 cos θ1 − n1 cos θ0





n0 cos θ0 − n1 cos θ1












n0 cos θ0 + n1 cos θ1
. (2.23)
Here n0 and n1 are the refractive indices of the incident and final media, respectively; the
s and p subscripts refer to s- and p-polarizations. (Unless otherwise noted, for the sake
of simplicity going forward I’ll only consider normally incident, s-polarized waves and non-
absorbing media.) Fresnel’s coefficients give us the amplitude of the transmitted and reflected
electric fields, but it’s often more practical to think in terms of the fractionally transmitted
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and reflected power: the transmittance and reflectance—discussed in § 3.3 in the context of
a system of stratified dielectric materials.
The purpose of an AR coating is to minimize the reflected electromagnetic field at the
interface of two different media. There are many different types of AR coatings and methods
to manufacture them, but thin-film coatings are a simple, common variety and the one used
by SPT-3G. A thin-film coating is made from a layer (or layers) of dielectric material whose
thickness is less than the wavelength of light under study.
The simplest form of thin-film coating is called the quarter-wave coating. This kind
of coating can achieve nearly perfect transmittance at a single wavelength, and is highly
efficient over a narrow bandwidth. The coating is λ
4
thick at some frequency (wavelength)
of interest, which causes reflections to be 180◦ out-of-phase with each other, destructively
interfere,1 and ultimately cancel out. Since no energy is reflected, by conservation of energy,








where λ0 is the wavelength of light in vacuum and n (εr) is the refractive index (dielectric
constant) of the coating material. The optimal refractive index for the coating material
is determined entirely by the indices of the incident and final media. We can see this by
considering a three-layer system with indices n0, n1, and n2, where the layer with refractive
index n1 is the coating material. We start by requiring that reflections at the first and last
surfaces of the coating be equal: Then we work from Equation 2.21, substituting the above
1 To some extent, all thin-film coatings rely on interference effects, but not all thin-film coatings are













The perfectly matched quarter-wave coating is conceptually model, but it’s only strictly
correct (i.e., perfect) if the coating is made from a non-absorbing material. Absorbing ma-
terials (which is to say real materials) cause the reflected waves to have different amplitudes
since one has been attenuated over some distance—twice the physical thickness of the AR
coating layer—while the other has not. Though the waves are still 180◦ out-of-phase they can
no longer perfectly cancel, so some energy is reflected. Practically speaking, some materials
have low enough loss that attenuation may be considered negligible.
The concepts governing a quarter-wave coating can be extended to a coating consisting
of multiple dielectric layers. Increasing the number of layers serves to broaden the effective
bandwidth of the coating if the refractive indices and thickness of the layers are chosen
correctly.
2.3.1 AR coatings as transmission lines
In optical systems, we model reflections at interfaces by treating changes in refractive index
as mathematical discontinuities while simultaneously requiring continuity of the E- and H-
fields in the same region. (This a good approximation in most cases—the distance over which
the refractive index changes is much smaller than the wavelength of propagating light.) But
there is another system of discontinuities that we can model using electromagnetic theory:
a wire composed of different sections, or a transmission line. We can treat the optical and
transmission lines systems similarly, and even use some of the same descriptive language.
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The concept of AC circuit impedance Zelec can be extended to optical systems, which
allows us to think in terms of optical impedance, Zopt , and its reciprocal, the optical admit-
tance, Yopt . For a monochromatic plane wave, optical impedance (admittance) are defined
















With Zopt in hand we can turn to another familiar concept: impedance matching. (Kronig
et al. 1950 provides a particularly good—and historical—treatment of optical impedance
that is worth reading.)
Consider a one-dimensional transmission line of length l situated along the x-axis, where
Z(x) . The purpose of impedance matching is to propagate an electric field from Z(x1) to
Z(x2) with minimal return loss (i.e., reflection or S11 in terms of the scattering parame-
ters). This is a common enough task in microwave circuit design that standard techniques
exist for the purpose. One example is the stepped quarter-wave transformer—unsurprisingly
analogous to the quarter-wave AR coating discussed in § 2.3. Another, more interesting,
example is the Klopfenstein taper (Klopfenstein, 1956), which provides excellent impedance
matching performance over a comparatively broad bandwidth. This taper is analogous to
the sub-wavelength structure (SWS) and gradient-index of refraction (GRIN) AR coatings
that are promising, active areas of research.
Thinking of AR coatings as impedance-matched transmission lines or dielectric filters
can be a helpful way to get a new perspective on the AR coating problem. And that can be
helpful when trying to develop AR coating designs.
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Chapter 3
armmwave: an API for simulating
thin-film dielectric filters
There isn’t a standard set of tools for modeling the response of AR coatings used in the CMB
instrumentation community, so students waste time and effort replicating the work of others.
Worse yet they might inherit a script of unknown provenance that may or may not run or
give the correct results. I’ve taken steps to correct this problem by creating a distributable
software package written in the Python programming language. The code is verified and
validated; the codebase has 100 % test coverage. Using the code does not require advanced
knowledge of Python or E&M theory because it’s application programming interface (API)
is simplistic and well documented. In this chapter, I will describe armmwave: a pure Python
package used to model the electromagnetic response of (multilayer) dielectric materials to
mm wave radiation.
3.1 Introduction
Modeling the electromagnetic response of multilayer dielectric filters is a conceptually simple
problem. Performing the calculation by hand, however, is cumbersome and tedious for
systems of more than two layers. It’s useful to have a modular, programmatic tool to handle
the calculation instead. armmwave, an object-orient API written in the Python programming
language, fulfills this need. The program is able to analyze models quickly (Oliphant, 2006)
by using vectorized operations and the highly optimized NumPy library. This lends armmwave
Portions of this chapter are being prepared for submission to the Journal of Open-Source Software as
A. Nadolski, 2020.
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to joint use with packages like LMFIT and emcee for more advanced analyses, which can be
achieved with little or no modification (Newville et al., 2014; Foreman-Mackey et al., 2013).
I’ve made a concious effort to keep the barrier-to-entry for using armmwave low: a sta-
ble release of the program is packaged for distribution through the Python Package Index
(PyPI); the program uses an automated test suite and has 100 % code coverage; updates
are built on Linux and MacOS for Python 3.5+ using a continuous integration service in
order to catch bugs before release. Moreover, the user is not expected to be an advanced (or
even intermediate-level) Python programmer. The code is heavily documented and worked
examples are available online1 in the form of Jupyter Notebooks.
3.2 Overview of the API
There are two main user-facing elements: the Layer and Model abstractions. Layer s
define the dielectric media to be simulated; the Model defines the parameters of the sim-
ulation (such as frequency range and incident angle) and serves as the entry point to the
transfer-matrix calculation. The transfer-matrix calculation itself is transparent to the user
and runs automatically, returning reflectance and transmittance values upon completion.
3.2.1 Layer
The Layer is the most basic element of the armmwave framework; it describes an individual
dielectric material. Layer s are defined by a thickness (in meters), a refractive index, and a
loss tangent—as well as an optional descriptive string.
1http://www.github.com/anadolski/armmwave
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Example code 3.1: Instantiating a Layer
layer1 = armmwave.layer.Layer(rind=2.1, thick=5e-4, tand=2e-4,
desc="PTFE, 0.5 mm thick")

There are two special-case Layer s: the Source and Terminator . These represent the
(semi-)infinite simulation boundaries, and exist only for bookkeeping purposes. By default,
these special Layer s are lossless and have a refractive index equal to 1. Under typical
circumstances the default Source settings should be adequate. However, Terminator
properties may require modification depending on the goal of the simulation. For example,
the Terminator is equipped with a boolean flag (keyword argument vac ) to toggle the
refractive index between 1 and matching that of the preceding Layer . This is useful if one
needs to model a complete dielectric lens in vacuum ( vac = True ) or a one-sided coating
on an infinite substrate ( vac = False ).
Collections of Layer objects are arranged in a list and evaluated in list-index order. This
allows the user to take advantage of Python’s list concatenation to build modular optical
models of complex systems (e.g. the SPT-3G cryostat) The Source and Terminator layers
must be added manually, which ensures the user considers the boundary conditions of the
simulation.
Example code 3.2: Preparing a Layer set for evaluation
layers = [armmwave.layer.Source(), layer1, layer2, layer3,
armmwave.layer.Terminator()]

Once a list of Layer s has been assembled, it’s passed to the Model for evaluation.
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3.2.2 Model
The primary purpose of the Model is to transparently prepare and execute vectorized
transfer-matrix calculations; it serves as the entry point to the main transmittance and
reflectance calculation. The Model also allows the user to set simulation parameters: fre-
quency sweep range, frequency sweep resolution, polarization, and incident angle, for exam-
ple. By default, it is initialized with sensible values for CMB applications.
Creating and running a Model is simple:





The output of Model().run() is a Python dictionary containing NumPy arrays of frequency,
transmittance, and reflectance values from the transfer-matrix calculation.
3.3 Transfer-matrix method
The transfer-matrix method is a technique used to evaluate the propagation of electro-
magnetic waves through layered media. Maxwell’s equations require an electric field to be
continuous across boundaries, so we can relate the field at the incident interface to that at
the terminal interface. We split the problem into two parts to achieve this: right-going waves
(positive, transmitted) and left-going waves (negative, reflected). Figure 3.1 illustrates how
the problem is separated.
Since we care about the transmittance and reflectance through the system, it’s convenient
to express the electric vectors in each layer in terms of Fresnel coefficients (Equation 2.20
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Figure 3.1: Diagram of showing how the multilayer dielectric slab problem can be decom-








, which relate to the
system’s transmittance and reflectance, are the interesting quantities.
interest, we can write the electric field amplitude on the left- and right-going waves at the












δm−1 = km−1dm−1 cos θm−1 (3.2)
is the phase offset introduced by the (m− 1)th layer (with k being the usual wave number).








give us the transmission and reflection
coefficients, respectively—from which we obtain the transmittance and reflectance of the
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entire system. It’s common to define the characteristic matrix of the mth layer,
Cm ≡
 exp(jδm−1) rm exp(jδm−1)
rm exp(−jδm−1) exp(−jδm−1)
 , (3.3)
to express Equation 3.1 more compactly, then use the recurrence relation to write an equation
for the full n-layer system,
E+0
E−0
 = C1C2 . . .CnCn+1




setting E−n+1 = 0 because there is no left-going wave in the (n + 1)th medium. We may
further simplify by writing the matrix product



























































3.4 Verification and validation
As scientists, we recognize the importance of understanding our instruments and how their
behavior affects experiment data. We would never trust an uncalibrated telescope to produce
useful images (or at least meaningfully interpretable ones), or an untested crystal oscillator
to output a perfect 25 MHz signal. However, we (astronomers—particularly experimental-
ists) rarely extend this consideration to software, instead accepting whatever the computer
outputs as implicitly correct. This uncritical approach isn’t sustainable in the long term,
especially as research increasingly depends on custom software written by non-experts. We
can begin to buck this trend by applying basic software development principles, like software
verification and validation. Software verification addresses the question “Is the software built
correctly?” Software validation addresses the question “Does the software serve the intended
purpose?”
In the case of armmwave , verification is achieved through testing at unit, integration,
and system levels. Tests are conducted automatically through the use of the free TravisCI2
continuous integration service. Typical standards for codebase test coverage range from
70 % to 80 %; as of this writing, armmwave ’s test coverage is at 100 %. The software is
automatically test-built for both Linux and OSX operating systems, checked against all
package dependencies for conflicts, and tested against Python 3.5+ before being released.
Using this scheme, most bugs in the code are caught early, before being compiled for PyPI and
general use. Validation has been achieved by comparing the code’s ability to model multilayer
dielectric systems to experiment data collected in the lab, with good results (Figure 3.2).
2https://travis-ci.com
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6.35 mm-thick alumina substrate
model
data
Figure 3.2: Comparison of experiment data and armmwave model. The code recovers the
fringe periodicity as well as the decay envelope over hundreds of gigahertz.
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Chapter 4
SPT-3G AR coating and optics materials
In this chapter I explain why particular materials were chosen for the SPT-3G optical system.
I also present preliminary results of scanning electron microscopy and x-ray spectroscopy
analysis of the two highest refractive index materials in the system: sintered polycrystalline
aluminum oxide, and Rogers Corporation RO3006 bondply.
4.1 Selection of materials
The SPT-3G survey camera employs a wide-field reimaging optics design to illuminate a
large focal plane. (For reference, the SPT-3G focal plane is nearly a factor-of-two larger
in diameter than the two previous SPT survey cameras: ∼0.5 m versus ∼0.25 m diameter.)
A system of three lenses arranged in an optics tube reimages the telescope focus onto ten
detector modules. Large, strong, low dielectric loss refractive optics can be constructed from
silicon and sintered polycrystalline aluminum oxide (henceforth “alumina”). Materials such as
silicon and alumina allow for optical designs with thinner, lower-curvature lenses than those
employing lenses made from low-index plastic such as high-density polyethylene (HDPE) or
ultra-high-molecular-weight polyethylene (UHMWPE) (Yoon, 2008; Kermish et al., 2012).
Additionally, alumina and silicon lenses offer thermal and mechanical advantages: their
relatively high thermal conductivity help them cool to cryogenic temperatures (∼4 K) with
Portions of this chapter are published in Nadolski et al. (2020) and are being prepared for publication by
the South Pole Telescope collaboration. The manuscript’s working title is “The SPT-3G Survey Instrument.”
Other portions are published in Nadolski et al. (2018).
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small thermal gradients across the optic; their rigid structures and low coefficients of thermal
expansion (CTE) help the lenses resist deformation.
SPT-3G’s large focal plane requires a large optics tube aperture—approximately 70 cm
diameter. High-purity, single-crystal silicon is perhaps the best high-index mm wave lens
material available due to its exceptionally low loss tangent, with values as low as 1× 10−5
at 300 K reported in the literature (Lamb, 1996; Krupka, 2006). However, the maximum
diameter of a silicon lens is limited to .45 cm due to manufacturing constraints, so silicon
is ruled out. Instead, SPT-3G uses 99.5 % pure alumina (CoorsTek AD-995)—discussed
further in § 4.2. Alumina optics, which are made by a sintering process, are not subject
to the same size constraints as silicon optics, which are made by a crystal-growth process
(Shimura, 2017).
In either case, the high refractive indices (n ∼ 3) of alumina and silicon require optics
made from these materials to have an AR coating to reduce reflections. Developing cryo-
genic AR coatings for high-index optical elements is therefore an area of significant interest
to the CMB instrumentation community—particularly as large-scale projects like CMB-S4
begin to ramp up. Efficient, effective-medium coatings for silicon lenses have been success-
fully demonstrated. These coatings comprise sub-wavelength structures that are created by
removing material from the lens surface (Datta et al., 2013). While it’s technically possible
to use the same subtractive methods on an alumina lens, there are substantial practical hur-
dles to overcome. Alumina’s Vicker’s hardness is almost twice that of single-crystal silicon
(20.1 GPa vs. 11.0 GPa) (McColm, 1990), which makes machining the material more diffi-
cult. The equipment needed to cut or laser-ablate the surface of a ∼70 cm diameter alumina
lens currently only exists at commercial scale. Outsourcing a large lens for laser ablation
could be done, but the long processing time required makes that approach expensive. One
could build such a machine, but the technical expertise and time required to design, fabri-
cate, verify, operate, and maintain it come at great cost. Additionally, errors made during
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subtractive processes may be impossible to correct, which is a considerable risk when the
base cost of the unmodified lens is taken into account. An alternative approach to the sub-
tractive meta-material method is to layer the surface of the lens with materials that act as
an AR coating. This is the approach we have adopted for SPT-3G.
In addition to the large alumina reimaging optics, alumina quasi-optics are used at the
focal plane to couple CMB radiation to the instrument’s detectors (§ 1.3 and § 1.5). This time
single-crystal silicon quasi-optics weren’t excluded outright for manufacturing reasons, but
were rejected in favor of alumina due to their high cost (about 10× greater than alumina).
The SPT-3G AR coatings were initially developed for the focal plane’s quasi-optics. We
selected AR coating materials based on the nearness of their dielectric constants to our design
targets (εr,target = 2, 4, 7, respectively), their available thicknesses, and the magnitude of their
loss tangents. The dielectric constant design targets were established in previous work by
Suzuki (2013). Ultimately—from low- to high-index—we chose to use Porex PM23J, Rogers
Corporation RO3035 Bondply, and Rogers Corporation RO3006 Bondply for the AR coating
layers. The cost of materials required for the lenslet array and lenslet-prescription coating
is approximately $3 USD per pixel (∼$1 for the coating material, and ∼$2 for the lenslet).
We developed an AR coating for the reimaging optics and alumina infrared filter based
on the finished quasi-optics coating. We reused the Rogers Corporation materials directly,
but chose to use Zitex G-115—a material substantively similar to Porex PM23J, though less
expensive—as the low-index layer. The total cost of materials needed to AR coat both sides
of a ∼70 cm diameter alumina optic using the method described in this paper is about $1500
USD. (This figure excludes the cost of the optic itself.)
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4.2 Sintered polycrystalline aluminum oxide (alumina)
The SPT-3G reimaging optics and infrared filter are made from CoorsTek AD-995 alumina
while the quasi-optics are made from a similar, 99.5 % pure alumina formulation produced
by Kyocera. In all cases, the bulk ceramic parts are manufactured by sintering. Sintering
is a process by which a powder is made to coalesce into a single solid body, and usually
involves the application of heat and/or pressure. Examples of the internal microstructure
resulting from sintering are shown in Figure 4.1a, Figure 4.1b, and Figure 4.1c. A sample of
the SPT-3G alumina infrared filter was imaged using a scanning electron microscope.
The sintering action itself is a complicated combination of diffusion processes, and will
not be discussed in detail here. (See Thümmler & Thomma (1967) and Peelen (1977) for
thorough reviews of the alumina sintering process.) It is worth noting three important points,
however:
1. The internal microstructure of a sintered part depends on factors related to the sinter-
ing process. Heating and cooling rates, applied pressure, maximum temperature, the
sintering atmosphere, and other factors all play a role (Peelen, 1977; Penn et al., 1997;
Glaeser, 2001).
2. The electrical properties of a sintered part depend on the internal microstructure of the
part, as well as the composition of the initial powder (Thümmler & Thomma, 1967;
Alford & Penn, 1996; Alford et al., 2000).
3. Given the previous points, it stands to reason that the geometry of a sintered part also
plays a role in determining its internal microstructure and, by extension, its electrical
properties. Parts of differing shapes or sizes are not guaranteed to have the same





Figure 4.1: Scanning electron micrograph of an SPT-3G alumina infrared filter’s internal
microstructure. The infrared filter (also called a “window backing plate”) is 15 mm thick and
made from CoorsTek AD-995 alumina. The SEM sample is a cross-section taken from the
near the outer edge of a broken infrared filter—microporosity is a notable feature of these
images. (a) Establishing shot illustrating intragrain boundaries and micropore distribution.
The prevalence of smooth faces indicate that fracturing occurred mainly along intragrain
boundaries. (b) Close-up view of an anomalously large void. This was the largest void found
in the roughly 1 cm × 1 cm sample area. Its morphology is quite different from the more-
typical micropores found elsewhere. The void was probably formed by a different mechanism
than the micropores were—possibly the fracturing event itself. (c) Close-up view illustrating
typical micropore morphology.
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Sintered alumina is a composite material—one whose properties are inextricably linked to
the conditions of its manufacture. Optical measurements of CoorsTek AD-995 alumina are
discussed in chapter 6, with typical values at 150 GHz given in Table 6.1.
4.3 Polytetrafluoroethylene (PTFE)
Polytetrafluoroethylene (PTFE) is a synthetic, thermoplastic polymer with useful electrical
properties for microwave applications (it is commonly, though incorrectly, known by its trade
name: TeflonTM). PTFE, accidentally discovered in 1938 by a DuPont chemist, is a synthetic,
fully-fluorinated polymer (fluoropolymer). It is a linear helical molecular chain composed
of polymerized tetrafluoroethylene (TFE) monomers (Figure 4.2). The TFE monomers are
themselves composed of double-bonded carbon atoms with attached fluorine atoms. PTFE
is synthesized through a polymerization process that breaks the carbon-carbon double bond
and creates the long helical chain (Venkateswarlu et al., 2014). While the basic properties
of PTFE come from its linear helical structure and carbon backbone, its most well-known
properties (low surface tension, low coefficient of friction, high chemical resistance, broad
serviceable temperature range, etc.) are in part a result of the non-polarity and high bonding
energy of the fluorine atoms that shield the carbon chain (Neupauer, 2014).
PTFE is a versatile material with applications in the aerospace, manufacturing, textile,
and medical industries to name a few. In its raw state, the material is a powder which
can be cast and sintered, or extruded to produce a wide range of shapes. PTFE has seen
widespread use in communications and microwave engineering applications thanks to its low
dielectric constant and loss tangent. The dielectric properties of raw PTFE can be modified
by changes to the powder mixture before sintering (e.g., doping), or through specialized
processing before or during sintering. PTFE and its derivatives have even become essential
to the design of astrophysical detectors.
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Figure 4.2: Diagram of the PTFE molecule.
PTFE is the base material of the SPT-
3G focal array anti-reflection coating, how-
ever each layer within the coating has under-
gone some form of the additional processing
mentioned above. Table 6.1 summarizes the
important properties of the materials used in
SPT-3G focal arrays and their anti-reflection
coatings.
In its pure (undoped) state, PTFE is
a has a typical dielectric constant rang-
ing from 1.96 to 2.1 and a loss tangent in
the neighborhood of 3× 10−4 (Lamb, 1996).
The polymer is also stable over a wide tem-
perature range and resistant to chemical degradation. However, it does have disadvantages:
the polymer has a large linear coefficient of thermal expansion (CTE), which presents diffi-
culties when using it in extreme-temperature environments; it has low thermal conductivity,
which may complicate cryogenic applications; it has a very low surface energy, so it resists
bonding to other materials.
The mechanical, electrical, and thermal properties of raw PTFE can be changed through
the use of dopants and different manufacturing techniques. It is common practice in mi-
crowave engineering and package device fabrication to include non-PTFE components in
a raw PTFE matrix, yielding a composite material that acts as an effective medium—an
inhomogeneous material whose macroscopic properties are determined by the properties of
its constituents. The SPT-3G AR coatings employ just such modified forms of PTFE. The
coating’s low-index layer is made from microporous PTFE (§ 4.3.1), while the middle- and
high-index layers are made from doped PTFE (§ 4.3.2).
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4.3.1 Microporous/expanded PTFE
Microporous PTFE—also called expanded PTFE, or ePTFE—is probably most recognizable
as GORE-TEXTM, a breathable, water-resistant material often used in textiles. Microporous
PTFE has other applications as well: from medical devices to high-efficiency filters to AR
coatings, the material has proven itself to be exceptionally versatile over decades of use.
Microporous PTFE is available in a variety of forms, with the most important difference
being the existence of isolated voids or continuous pores. For the purpose of mm-wave AR
coatings, where the primary concerns are the electrical properties of the material, these
forms are substantively similar. Both behave like the same effective medium: one with
a dielectric constant lower than that of pure, fully dense PTFE. However, when working
with manufacturers to determine material costs, it is important to remember that a high-
breathability requirement (i.e., a high degree of micropore continuity) may significantly
increase the cost.
SPT-3G uses Porex PM23J in its quasi-optics AR coating, and Zitex G-115 in its large-
format AR coating. Zitex and Porex both have µm-scale pores that reduce the material’s
dielectric constant below that of raw, fully dense PTFE. Though it is possible to specify
to the manufacturers an arbitrary thickness for the Zitex and Porex, we found the stock
0.381 mm thick (0.015 inch thick) material to be suitable (Plastics, 2017; DiBattista, 2015).
Optical measurements of both materials are discussed in chapter 6, with typical values at
150 GHz given in Table 6.1.
The outermost, and hence lowest dielectric, material is expanded PTFE (ePTFE), pur-
chased from Porex. ePTFE is made from pure PTFE resin which has been heated, extruded
(forced through a die), and stretched to produce micropores throughout the material. This
type of PTFE is commonly used in gaskets, filters, and water-resistant, breathable clothing.
The pore density and size can be tuned to achieve a range of dielectric constants, though
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these properties can be generically specified by mass density. For our lenslet coatings we
use 1.6 g cm−3 Porex PM23J, which corresponds to a dielectric constant εr = 1.7 and loss
tangent tan δ = 6× 10−4 measured at 14 GHz (DiBattista, 2015). In contrast, we have mea-
sured εr = 1.67 and loss tangent tan δ < 1× 10−4 at 150 GHz. The material is available
in a range of high-tolerance thicknesses; the raw material is cut to thickness by skiving—a
process in which a razor slices sheets of material from a cylinder (billet) rotating about its
long axis.
4.3.2 RO3000-series bondply
The middle- and high-index layers of the SPT-3G AR coatings are made up of Rogers
Corporation RO3035 and RO3006 bondply, respectively. These are high-index composites
comprising a sintered PTFE matrix and ceramic particle inclusions. RO3000-series bondplys
are usually used in the production of copper-clad dielectric substrates for microwave circuits.
As such, bondply is only readily available at a single thickness: 0.127 mm (0.005 inch).
The exact compositions, ratios, and particle-size distributions of the ceramic fillers are
proprietary to Rogers Corporation. It’s reasonable to assume the RO3035 and RO3006
ceramic fillers are similar, and the materials’ different dielectric properties result from dif-
ferent filler ratios and fill factors (the fraction of volume occupied by the ceramics). Under
this assumption—for the purpose of chemical analysis—I allow the higher fill-factor (index)
RO3006 to act as a proxy for the lower fill-factor (index) RO3035.
Scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS)
techniques can then begin to answer questions regarding filler composition (Figure 4.3
through Figure 4.5). SEM’s ∼10 nm resolution makes it easy to measure a handful of
RO3006’s O(10µm) ceramic inclusions, but determining the particle-size distribution at
a statistically significant level is beyond the scope of this study. Instead, first-order analysis
by SEM/EDS suggests
39
1. There are two primary ceramic fillers: one silicon-based, and one titanium-based. Both
silica (a catch-all term for SiO2 polymorphs) and titania (a catch-all term for TiO2
polymorphs) are commonly used in semiconductor and microwave applications. EDS
did not pin down the identity of the compounds with certainty, so I will refer to them
as Six and Tix going forward. Given their natural abundance and many industrial
applications, it’s likely that the silica particles are a type of quartz and the titania
particles are rutile. More advanced imaging and chemical or spectroscopic analysis is
required to answer the question definitively.
2. Six particles tend to have a diameter between ∼5µm and ∼10µm. Tix particles tend
to have a diameter between ∼15µm and ∼35µm.
3. Tix particles appear to be more abundant than Six in Rogers Corporation RO3006
bondply.
(a) (b)
Figure 4.3: Energy-dispersive spectrogram of Rogers Corporation RO3006 bondply, taken
in cross-section. (a) Scanning electron micrograph of the EDS target—a PTFE filament,
marked by the red reticle—and surrounding area. (b) Spectrogram of the EDS target.
Silicon (Si), titanium (Ti), and oxygen (O) peaks are due to the electron beam penetrating
the thin PTFE filament. The main PTFE signal is encoded in the fluorine (F) and carbon




Figure 4.4: Energy-dispersive spectrogram of Rogers Corporation RO3006 bondply, taken in
cross-section. (a) Scanning electron micrograph of the EDS target—a Tix particle, marked
by the red reticle—and surrounding area. (b) Spectrogram of the EDS target. The two
titanium (Ti) peaks are the result of Kα emission (4.512 keV) and Kβ emission (4.933 keV).
The oxygen (O) peak appears depressed in the spectrogram due to Ti’s outsized influence.
In fact, O comprises ∼15 % of the total atomic weight of the sample. Ti comprises ∼78 %,
and other trace elements make up the difference.
(a) (b)
Figure 4.5: Energy-dispersive spectrogram of Rogers Corporation RO3006 bondply, taken in
cross-section. (a) Scanning electron micrograph of the EDS target—a Six particle, marked by
the red reticle—and surrounding area. (b) Spectrogram of the EDS target. The silicon (Si)
peaks due to Kα emission (4.512 keV) and Kβ emission (4.933 keV) are nearly overlapping.
The oxygen (O) Kα peak at 0.525 keV is clearly visible.
Optical measurements of both Rogers Corporation materials are discussed in chapter 6,
with typical values at 150 GHz given in Table 6.1.
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RO3035 bondply
The middle material—RO3035, available from Rogers Corporation—is a PTFE substrate
that has been doped with high dielectric ceramics to increase the overall dielectric constant
of the material. The exact filler formulation and bondply production process for the RO3000-
series materials are proprietary to Rogers Corporation. RO3000-series materials are typically
used in industrial microwave engineering applications and circuit board production. RO3035
bondply comes as 18× 24× 0.005 inch sheets with a typical dielectric constant εr = 3.5 and
loss tangent tan δ = 1.7× 10−3 measured at 10 GHz (Rogers Corporation, 2015). In contrast,
we have measured εr = 2.8 and loss tangent tan δ = 4.3× 10−3 at 150 GHz.
RO3006 bondply
The innermost material—RO3006, available from Rogers Corporation—is a PTFE substrate
that has been doped with high dielectric ceramics to increase the overall dielectric constant of
the material. RO3006 bondply comes as 18× 24× 0.005 inch sheets with a typical dielectric
constant εr = 6.53 and loss tangent tan δ = 1.6× 10−3 measured at 10 GHz (Rogers Corpo-




SPT-3G AR coating fabrication
In this chapter I discuss the methods used to fabricate the SPT-3G AR coatings. This
chapter is divided into two major sections. § 5.2 covers the assembly of the quasi-optical
lenslet arrays and the lenslet-prescription AR coatings. § 5.3 is devoted to assembly of lens-
prescription (i.e., large-format) AR coatings.
5.1 Overview
There are two prescriptions for AR coatings used in the SPT-3G survey camera: one for
large-format elements (∼700 mm diameter, henceforth called the “lens-prescription”), and
one for quasi-optical elements (5 mm diameter, henceforth called the “lenslet-prescription”).
Figure 5.1 illustrates the layers and nominal thicknesses for both coating prescriptions. The
SPT-3G refractive optics and infrared filter are composed of CoorsTek AD-995 alumina; each
element is ∼720 mm in diameter. Though the coatings employ the same primary dielectric
components, there are substantive differences in their design. The lenslet-prescription coat-
ing is self-bonded—the primary dielectric materials are joined without an adhesive—while
the lens-prescription coating employs intermediate, thin layers of low-density polyethylene
(LDPE) as a bonding agent. In addition, the coatings are affixed to their respective opti-
cal elements differently: the lens-prescription relies on LDPE, the lenslet-prescription uses
Stycast 1266—a two-part, low-viscosity epoxy. This chapter will address both coatings in























Figure 5.1: Diagrams of the SPT-3G lens- and lenslet prescription AR coatings showing
the materials and nominal thickness of each layer: (a) The lens-prescription coating uses
intermediate LDPE bonding layers between the main dielectric layers and the alumina sub-
strate; (b) The main dielectric materials of the lenslet-prescription coating are self-bonded
and require no intermediate LDPE layers. It is bonded to the alumina substrate by a thin
layer of Stycast 1266. The manufactured thickness of the Porex layer is 381 µm, but the
layer is compressed during the bonding process. The thickness shown is typical of that layer
after bonding.
turn.
5.2 Lenslet-prescription coating and lenslet array
The SPT-3G lenslet-prescription coating comprises three dielectric layers: Porex PM-23J,
Rogers Corporation RO3035, and Rogers Corporation RO3006. Each of these materials is a
polytetrafluoroethylene (PTFE) matrix with inclusions that either raise or lower the effective
refractive index of the medium. PM-23J includes ∼1µm voids to lower the effective index;
the Rogers Corporation materials include ∼10µm particles of high-index ceramics to raise
the effective index.
We are able to create a trilayer laminate by bonding the dielectric sheets together under
high heat and pressure. One of PTFE’s interesting properties is that the material doesn’t
“melt” like we expect many plastics to do. In the vicinity of 370 ◦C, PTFE enters a gel-like





Figure 5.2: (a) Exploded-view schematic of the lenslet-prescription AR coating, lenslet,
lenslet seating wafer, and detector wafer; The thin, red line called out by the red arrow
marks the position of the Stycast 1266 layer; (b) Infrared photograph of a lenslet AR coating
after lamination. Dashed lines mark the approximate boundaries of the original materials;
(c) Cutaway of a lenslet AR coating after the molding and Stycast procedures. The coating
and lenslet surface were marred during cross-sectioning; (d) Close-up photograph of an
assembled, AR-coated, and laser-diced lenslet array; (e) Photograph of an AR-coated lenslet
array. The array comprises 271 coated elements; (f) Photograph of the SPT-3G detector
array taken before its final integration with the detector cryostat. The ten white hexagons
are AR-coated lenslet arrays.
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This allows us to laminate the material without having to worry about oozing. Figure 5.2
shows an overview of a lenslet array’s life cycle, calling out critical physical scales in selected
panels.
5.2.1 Equipment used in lenslet coating process
There are several different pieces of equipment used in the lenslet coating fabrication process.
I will briefly describe each in this section.
Lamination clamp
The clamp is symmetric about its midplane, and both halves comprise several sections (Fig-
ure 5.3). The outermost sections are 1
2
inch thick carbon steel plate. These sections are
unremarkable except for the through-holes drilled to accommodate 3
8
inch diameter bolts
(which are tightened to apply bonding pressure), and that one half is tapped to fit a K-type,
screw-mount thermocouple (which provides input to the PID controller discussed later).
Next are sections of precision ground 1
8
inch thick carbon steel plate. Finally, closest to the
midplane, are sections of high-polish 1
4
inch thick alumina plate1 . The PTFE layers rest
between the two alumina plates.
The clamp is tightened together by eight 3
8
inch diameter stainless steel hex head bolts,
each supported by four Belleville disc springs in an inverted stack. The bolts are tightened to
a torque of 4.5 N m (40 inch-pounds) to provide the required bonding pressure. We measured
the pressure between the clamp plates at 300 K using pressure indicating film2 and found a
lower limit of ∼10 MPa (∼1450 psi).
1We’ve found that Gorilla GlassTMwill work as an alternative to alumina plates, but the glass tends to












Figure 5.3: Schematic elevation view of the AR coating lamination press. The major com-
ponents are the bulk steel, precision-ground steel, and alumina plates. 3
8
inch diameter bolts
with stack of Belleville spring discs provide the clamping force. The thermocouple port
accommodates a threaded K-type thermocouple, which provides feedback to the PID oven
controller. The materials directly in contact with the PTFE, in this case the alumina, must
be non-porous or the PTFE will bond to them permanently. Dimensions are not to scale.
Oven
Laboratory-grade ovens that meet our internal dimension and max temperature (∼370 ◦C)
requirements can range from three to ten times more expensive than our oven, mostly due
to their high quality built-in temperature controllers and ventilation systems. Rather than
bear that cost, we purchase and modified a commercial pizza oven3 to heat and laminate
the PTFE AR coatings. Modifications to the oven included relocating the middle heating
element, disabling the internal thermostat, and cutting a port in one wall to accommodate
thermometry for PID control.
We also installed an overhead fume hood for ventilation. PTFE becomes unstable at
3https://vollrath.com/Cayenne-Pizza/Bake-Oven-1165.htm
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temperatures above its melting point (typically between 327 ◦C and 342 ◦C, depending man-
ufacturing processes) and begins to rapidly decompose at temperatures slightly greater than
our target lamination temperature. During decomposition, PTFE outgasses volatile fluo-
rine compounds that can cause respiratory and pulmonary distress in humans, and death in
smaller animals (Shusterman, 1993). Adequate ventilation is a must.
PID controller
The oven temperature is controlled by an external, self-tuning Proportionate-Integral-Derivative
(PID) unit.4 The controller can be programmed with multiple temperature profiles, so it
is generally useful for R&D work. The PID unit controls the voltage to the oven’s heating
elements based on feedback from a K-type thermocouple screwed into the laminating clamp.
Die press
We built a die press to mold the laminated lenslet AR coatings (Figure 5.4). A sturdy 8020
aluminum frame supports the press components. Two mold halves (one positive and one
negative) can be installed on the frame and removed easily, so it is possible to test different
mold patterns without much effort. The negative mold is secured to the base of the frame;
the positive mold is secured to a movable two-platen system that rides on four vertical linear
rails mounted to the base.
The moving (positive) mold is driven by a case-hardened ball screw. Force is exerted by
the screw through the upper platen, which in turn compresses seven high-load die springs.
The springs are arranged in a tight hexagonal pattern that covers the footprint of the mold
features, and transmit force through the lower platen and positive mold, through the AR
coating, and finally into the negative mold. The die press is equipped with a digital readout




Figure 5.4: (a) Version 1 of the screw-driven press used to mold the laminated AR coatings
and cure the coated lenslet arrays. High-load die springs and a second platen were included in
version 2 of the die press. Further additions include a digital readout and improved bracing.
(b) Version 2 die press CAD model section-view showing mold, spring, and bracing detail.
The version 2 press is currently used to produce molded lenslet AR coatings. (Not pictured:
DRO and screw handle.)
of force (∼44.5 kN) for each molding operation. The mold halves are aligned to less than
one one-thousandth inch accuracy by three 10 mm dowel pins, ensuring repeatable operation
and results.
Stepper-driven syringe
Two stages in the lenslet array coating process involve the deposition of Stycast 1266,5 a low
viscosity two-part epoxy. At one stage, we have to do 271 depositions—at the other, we have
to do >1500 depositions. In both cases it’s important to dispense the same volume of epoxy
with each syringe shot. But it takes time to do the Stycast deposition, and during that time
the viscosity of the epoxy is changing as it cures in the syringe barrel. This can be a real
problem in gas-driven systems that do not have a pressure feedback loop, and often results
5https://webaps.ellsworth.com/edl/Actions/GetLibraryFile.aspx?document=7975&language=en
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in inconsistent amounts of epoxy being dispensed. We use a stepper-driven syringe6 to avoid
this problem. At every activation of the syringe, a stepper motor advances the syringe’s
plunger by a constant displacement. Since the syringe needle has a fixed-size opening and
the fluid in the syringe barrel is incompressible—assuming the syringe has been properly
prepared—a constant volume of fluid is dispensed with each shot.
Laser engraver
We use a commercial 30 W CO2 laser engraver7 to cut a perimeter around each lenslet on
the coated array. The engraver is fairly user friendly and acts like most consumer printers;
it accepts vector artwork input over a network connection. The engraver and its bundled
software are able to interpret artwork comprising multiple layers, which allows for tuning
the laser’s translation speed, power, and pulse frequency on a per layer basis. The engraver
maps colors in the artwork to user-defined colors in the engraver software, which in turn
map to user-defined laser parameters. The full multilayer file can be sent to the laser at one
time. We built an alignment jig for the engraver to speed up the process of positioning the
coated lenslet arrays, and a vacuum table to hold the workpiece in place during the cutting.
The laser’s beam waist is (14± 4)µm, so we have no trouble cutting along the 1.8 mm gap
between pixels.
5.2.2 Fabricating lenslet arrays and their AR coatings
In this section I describe the major events in the lenslet array assembly and AR coating




7Epilog Zing 16, https://www.epiloglaser.com/laser-machines/zing-engraver-cutter/
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Populating the seating wafer
Each pocket of the silicon seating wafer needs to be populated by a lenslet, which is then
epoxied in place. Sometimes the etching process used to make the seating wafers leaves
behind a small post (or posts) at the base of one or more pockets, so it’s important to
visually inspect each pocket before placing the lenslets. These problematic posts often appear
as discolored flecks at the base of a pocket, and can be felt by gently scraping over them
with the wooden end of a cotton-tipped applicator or other non-marring probe. Posts can
usually be removed by careful scraping with the probe. It’s important to remove these posts
or the lenslets won’t sit flush with the base of the pocket. After all posts have been removed
the seating wafer and lenslets should be cleaned with a methanol flush, followed by isopropyl
alcohol, and finally blown dry with compressed nitrogen.
Once the parts are clean and dry, an alumina hemisphere is placed in each pocket.
Pockets are 5.01 mm in diameter and 100µm deep, so the lenslets “click” into place. Seating
the lenslets does not require force. Gently wiggling the lenslet is a good way to make sure it
is fully seated in the pocket—if it slides around, then it isn’t seated. The dimensions of the
seating wafer pockets are accurate to within the tolerances of the lithography process used
to produced them.
Preparing the epoxy and syringe
Stycast 1266 parts A and B should be mixed according to the manufacturer’s instructions
and then degassed. Degassing is essential: failing to remove air from the Stycast will cause
the syringe to dispense poorly and leave air pockets trapped in the cured epoxy. After the




dispense tip9 and tight-fit barrel piston10 as our standard syringe assembly. All components
are the 3 cc variety. The loaded syringe should then be installed on the dispenser according
to the manufacturer’s instructions.
It is important to do 20 or more test shots with the loaded syringe before beginning
to work on a real part—this allows pressure within the syringe to stabilize, resulting in
consistent deposition volume. An aluminum weighing boat works well for this step. The
syringe tip is easily damaged: do not allow it to contact any surface. Once the deposited
dots of epoxy are a consistent size the syringe is ready for use. It is critical to remember that
large variations in the angle of the syringe with respect to the test shot angle can cause the
deposition volume to become erratic. Based on experience, ±15◦ variation about the angle
used for test shots appears to be the safe limit.
Gluing the lenslets
Once the seating wafer is populated and the syringe prepared, it is time to glue the lenslets
in place. It’s easiest to work top-to-bottom, left-to-right, one row at a time to keep track
of depositions. Figure 5.5 illustrates the proper deposition patterns and syringe positioning.
(N.B.—It helps to keep your syringe-holding arm in as fixed a position as possible and rotate
the seating wafer when needed, rather than reaching over or around lenslets. Try to keep
your muscles relaxed and don’t rush—you have to repeat this operation >1500 times and
fatigue will lead to mistakes. As the saying goes, “Slow is smooth; smooth is fast.”) Each
interior lenslet receives a total of six epoxy dots (10−4 cc per dot) arranged in a hex pattern
around the base of the lenslet, resulting in a clean fillet (Figure 5.6). Lenslets that make up
the outer perimeter receive five dots—the dot closest to the wafer edge is omitted to avoid
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Figure 5.5: (a) Diagram illustrating the location of Stycast 1266 depositions around two
rows of lenslet on a populated seating wafer. Interior lenslets receive six dots while lenslets
around the perimeter receive five dots. The inset compares the handling of corner pixels
with that of edge and interior pixels. Pixel size and pitch are to scale. (b) Section-view
through the midplane of a single lenslet in its seating wafer pocket. The angle of attack and
positioning of the syringe tip with respect to the lenslet and seating wafer pocket is shown.
All dimensions are to scale.
12 h while the epoxy cures to sufficient hardness. Curing time can be reduced, if necessary,
by baking the lenslet array at 65 ◦C for at least 2 h.
Laminating the AR coating
The PTFE sheets are first cut to size, approximately 6× 6 inch squares, and then cleaned
with isopropyl alcohol. The alumina surfaces of the laminating clamp are also cleaned with
isopropyl alcohol. Once all surfaces have dried, they are dusted with compressed nitrogen
gas to remove particulates. The PTFE sheets are stacked in the clamp, and the two clamp
halves are bolted together. The bolts are tightened to 4.5 N m (40 inch-pounds) torque.
At this point the package11 and connected to the PID controller. The oven temperature
11Industry literature often refers to the “package” or “load” when talking about an assembly undergoing
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Figure 5.6: A Stycast 1266 fillet around the base of a lenslet. The fillet consists of 6× 10−4 cc
epoxy.
profile used to laminate the lenslet AR coating has five major stages (Figure 5.7, bottom
panel). The three segments beginning at 90 min and ending at 420 min are most critical in
determining the quality of the final product. We slowly ramp the oven temperature from
320 ◦C to 371 ◦C (about 0.6 ◦C min−1) to ensure the package thermalizes before reaching
the final laminating temperature. Once there, the oven temperature is held constant12 for
one hour, which allows the individual PTFE particles to coalesce and diffuse across the
original layer boundaries. Gradual cooling after the soak at maximum temperature promotes
recrystallization of the PTFE molecules; slowly cooling the package helps the PTFE to
recrystallize without voids in the material (Asahi Glass Fluoropolymers, 2002).
After the clamp has cooled to room temperature it can be disconnected from the PID
controller, removed from the oven, and opened up. Separating the alumina plates can be
difficult, so it is important to be careful. Though PTFE is well known for its non-stick
properties at room temperature, that trait absolutely does not hold once it’s heated to
∼371 ◦C. At this point PTFE can stick to just about anything—non-porous alumina, glass,
some kind of controlled manufacturing process. Knowing the vocabulary makes it easier to search the internet
and learn about processing techniques.
























































Figure 5.7: Oven temperature profiles used for AR coating lamination. (top) The lens-
prescription lamination process requires two different temperature profiles. The first profile
(dashed line) reaches a maximum temperature of 140 ◦C and is used when laying out the
AR coating layer one at a time. The coating isn’t securely adhered after having reached
only 140 ◦C, which affords us some flexibility in laying out the next layer. The second profile
(solid line) reaches a maximum temperature of 160 ◦C and is used as the final bake to secure
the coating in place. (bottom) The lenslet-prescription lamination process can be achieved
in a single pass, reaching a maximum temperature of 371 ◦C. The most critical parts of the
lenslet-prescription temperature profile are the segments between 90 min and 420 min.
metals, and other plastics are all fair game—and the alumina plates may be inseparable. We
did not explore using mold release, but that may be worth considering for future production
if a suitable high temperature type can be found.
Assuming the clamp can be opened, the laminated AR coating should be a be a single
sheet comprising three distinct dielectric layers. At this point it’s important to check that
the lamination succeeded by checking for obvious bubbles or peeling around the edges of the
sheets. We’ve found that process yield is fairly good, with ∼80 % of coatings produced being
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deployment grade.
Molding the AR coating
Laminated AR coatings need to be molded to fit a populated seating wafer. The positive and
negative molds are cleaned with isopropyl alcohol and compressed nitrogen gas to remove
debris. The coating is placed on top of the negative mold, which is screwed to the base of the
die press, with the Porex side facing the negative mold. At this point the coating (which is
intentionally oversized) may need to be trimmed to access the screws securing the negative
mold to the base, which will need to be removed later while the coating is still attached.
Once the screws are exposed, the coating is held to the mold with strips of painter’s tape
and the die compressed. The screw is locked in place once the die springs are adequately
loaded. We’ve found that it may help to leave the coating under pressure for 30 min to 1 h
to allow the sheet to relax into its new shape. The drive screw is then retracted and the
negative mold—with the now-molded AR coating still attached— is removed from the press.
The negative mold acts as a coating/lenslet array carrier for the following two steps.
Gluing the lenslet coating
With a cured lenslet array on hand, Stycast 1266 and the stepper-driven syringe are prepared
in the same manner as above. The syringe should be held perpendicular to the mold for
this step, so epoxy test shots should also be conducted with the syringe held perpendicular.
27× 10−4 cc of epoxy is dispensed at the center of each pocket in the molded AR coating,
which is secured to the negative mold by painter’s tape. After all pockets have received a
shot of epoxy, the cured lenslet array is mated to the coating (leaving the smooth surface of
the lenslet array facing up). The negative mold + epoxy-filled AR coating + lenslet wafer
assembly is placed back in the die press; this time the positive mold is removed from the
upper platen, leaving a smooth, flat metal surface.. A layer of KaptonTMis placed over the
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flat surface of the lenslet array, and the upper platens are lowered onto it. The drive screw
is tightened and locked in place, and the assembly is left to cure for at least 16 h. After
curing, the die press can be opened, the negative mold removed from it, and the AR coated
lenslet array untaped. Edges of the AR coating extending past the silicon wafer edges are
then trimmed.
Laser-dicing the AR coated lenslet array
CTE mismatch between the PTFE AR coating and the silicon lenslet array is a serious
problem. An AR coated lenslet array will shatter if it is cooled to 77 K without taking steps
to mitigate the CTE mismatch. We solve the shattering problem by using a commercial
laser engraver to cut through the PTFE AR coating to the underlying silicon, etching a
perimeter around each pixel. Silicon is transparent to the CO2 laser’s radiation (10 600 nm),
so damage to the wafer is not a concern. Laser ablation is fast, accurate, and repeatable,
with the added benefit that the laser exerts no tool pressure on the fragile silicon wafer. The
CO2 laser can ablate alumina—albeit with some difficulty—so we use an alignment jig to aid
in proper positioning.
The best results come from running the laser routine several times at low power and
moderate speed. At high power and low/moderate speed the AR coating tends to char and
the laser kerf widens. At high speed, positioning is less accurate due to the momentum of the
reflector head—the cut path becomes jagged and may present as a perforated trail. Even at
low power and low speed it only takes ∼10 min to dice the coating, so there is no advantage
in rushing. We’re able to laser dice the lenslet arrays because its AR coating does not have
intermediate LDPE bonding layers (in contrast to the lens-prescription coating discussed in
§ 5.3). LDPE is transparent to the CO2 laser so it doesn’t cut directly. Rather the LDPE
is melted by ambient heating of the surrounding PTFE, resulting in a messy, melted cut in
some places and no through-cutting at all in other places.
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Cleaning the finished AR coated lenslet array
The lenslet array needs to be cleaned before it can be integrated with a detector wafer
(§ 1.3, Figure 1.4). Any remaining bits of AR coating that are not part of a pixel are
carefully removed. There is usually a perimeter of extra PTFE between the outer edge of
the outermost pixels and the edge of the silicon wafer which can be lifted away. Any epoxy
that may have flowed from the outer pockets onto the silicon wafer surface can be carefully
cleaned with a non-linting swab and acetone. Once the exposed silicon surfaces are clean,
the trenches between pixels are washed out with a directed methanol spray, followed by a
directed isopropyl spray. This step is repeated until the trenches appear clear of debris and
soot. The flat side of the lenslet array is inspected and cleaned as needed, after which it is
(lightly) blown dry with compressed nitrogen gas and placed in a Gel-PakTMcontainer for
shipment.
5.2.3 Verification
It is important that we track variation in the depth of seating wafer pockets and the height
of the lenslet at different stages in the manufacturing process. Mapping the lenslet array at
different stages in its production gives us information about the consistency of the process.
Figure 5.8 shows the three major stages of lenslet array fabrication: bare seating wafer,
populated seating wafer before the AR coating is applied, and coated wafer. The data in
each figure are centered (i.e., mean-subtracted) in order to show the variation more clearly.
Naturally, errors propagate through the process. Pocket depths, lenslet heights, and
coating material thicknesses all vary to some degree, resulting in the finished lenslet array
typically having ±50µm fluctuations about the mean. By directly molding the AR coating
the populated lenslet array (rather coating each pixel individually as in Quealy, 2012 and
Siritanasak, 2018) we sacrifice a level of quality control. For instance, Siritanasak (2018)
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Figure 5.8: Mean-subtracted elevation maps of a typical lenslet array at three stages in its
fabrication process: (a) receipt of the bare seating wafer. The lithography process used to
make the seating wafers causes radially dependent variation in lenslet pocket depth. Typi-
cal variation is approximately ±25µm, though there are occasional outliers; (b) populated
lenslet wafer. Alumina hemisphere tolerances are generally good, though occasionally we
find one that has been ground too low—and less often one that has not been ground enough;
(c) and the coated lenslet array. Mapping the arrays in this way allows us to visualize the
effects of stack-up, and gives us a measure of quality control. On a long baseline, it can be
a useful element of statistical process control.
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does a much better job than we do of verifying the profile of the coating. Though we may
not be able to use the same photographic methods as Siritanasak, there are myriad surface
metrology methods that could work for us. Each of these methods requires an investment
of time (and probably money) that was out of our reach during the initial development of
this fabrication process. If lenslet arrays of the type described in this work are to be used in
future CMB experiments, then it would be worth exploring these metrology methods.
Cryogenic stability is as important as dimensional stability, perhaps moreso. We ther-
mally cycled each coated lenslet array to 77 K at least once before it was integrated with a
detector array. Most coated lenslet arrays underwent three or more harsh thermal cycles.
We would dunk a 300 K coated array in a liquid nitrogen bath, allow it to thermalize, then
remove it. Once it had returned to 300 K it was dunked again, and the process repeated
until we were satisfied that it would survive indefinitely. At the outset of the R&D process
we subjected several of the coated arrays to mechanical stress tests as well. During these
tests, which were performed after the thermal cycling tests, the pixels of a coated lenslet
array were randomly sampled, then probed and wiggled from multiple angles using a tapered
alloy or hard fibrous cylinder. Colloquially, this was known as the Drunken Dentist Test. If
the pixels did not survive the test, then the array was rejected.
Table 5.1: Approximate timeline to AR coat a single lenslet array
Step time (h) Cumulative time (h)
Description Hands-on Process Hands-on Total
Coating lamination 1 12 1 13
Array preparation 1.5 12 2.5 26.5
Coating application 1.5 12 4 40
Coating dicing <1 − <5 <41
The “Step time” column is divided into “Hands-on” and “Process”. Hands-
on time is the time spent physically working on a part, while process time
is the time required for a process to complete (e.g., oven cycling or epoxy
curing). Note the “Coating lamination” and “Array preparation” steps can
be executed in parallel.
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5.3 Lens-prescription AR coating
The SPT-3G refractive optics and infrared filter are each ∼720 mm in diameter, so the AR
coating process we’ve developed is different from the process we use for the lenslet arrays.
Another difference between the two coatings is that the lens-prescription coating uses Zitex
G-115 instead of Porex PM-23J as the low-index layer. For our purposes, the differences
between the Zitex and Porex are small enough that we opt to use the lower cost Zitex for
the large-format optics. The lens-prescription coating also incorporates ∼25.4µm thick low-
density polyethylene (LDPE) as an adhesive layer between the dielectric layers, instead of
self-bonding and Stycast 1266 like the lenslet prescription. This is largely due to practical
difficulties in self-bonding large coating sections and accurately aligning coating sections
during layout. Simulations show the LDPE bonding layers slightly increase transmittance in
the 95 GHz and 150 GHz bands while slightly reducing transmittance in the 220 GHz band
(Figure 5.9).
The coating is assembled one layer at a time by a vacuum-bagging process. The work
piece is sealed in a mold from which the air is then evacuated. Atmospheric pressure outside
the mold provides the force needed to laminate the coating layers. Each layer is baked at
140 ◦C during its initial layout. We find that once all layers are applied, a final bake at a
soak temperature of 160 ◦C results in robust lamination. The oven temperature profile is
shown in Figure 5.7 (top panel), and Table 5.2 breaks down the time required to AR coat a
lens.
The scale of the lenses, illustrated in Figure 5.10, causes additional complexities, as
the mismatch between alumina and PTFE’s coefficients of thermal expansion can result in
coating delamination; there is also the problem of wrapping a curved surface with a flat sheet
(Demaine et al., 2009). Therefore, we tile the curved surface of the lenses with the largest
manageable sections that will not wrinkle during lamination or delaminate upon cooldown.
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Simulated effect of LDPE bonding layers on
transmittance of lens-prescription coating
lens prescription (with LDPE)
lens prescription (without LDPE)
lenslet prescription
Figure 5.9: Modeled transmittance of a single-surface, lossless lens-prescription coating with
(blue) and without (red) LDPE bonding layers on a lossless alumina substrate. The mod-
eled response of a lenslet-prescription coating (black), which is self-bonded and does not
use LDPE, is shown for comparison. The difference between the lens-prescription coat-
ing without LDPE and the lenslet-prescription coating lies in the low-dielectric layer: the
lens prescription uses Zitex G-115; the lenslet prescription uses Porex PM-23J. The vertical
grey bars mark the SPT-3G 95 GHz, 150 GHz, and 220 GHz observing bands, respectively.
LDPE bonding layers affect the response of the coating at the level of a few percent, boosting
transmittance in the 95 GHz and 150 GHz bands and depressing it in the 220 GHz band. The
mean in-band transmittance is given for each band in blue (top), red (middle), and black
(bottom) text, corresponding to simulations of the lens-prescription coating with LDPE, the
lens-prescription coating without LDPE, and the lenslet-prescription coating, respectively.
The flat surfaces are less complicated and can be covered by simple strips. Additional details
regarding the manufacture of both coatings, including production time tables, are given in
Nadolski et al. (2018).
It is not possible to coat the entire optical surface of the large-format SPT-3G optics
without seams, in part due to the form factor of the raw materials. Therefore we opt for
seam patterns that allow us to use the AR coating materials most efficiently and avoid
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720 mm
Figure 5.10: Photograph of the AR-coated SPT-3G collimator lens illustrating its radius of
curvature. The lens is 69 mm thick at its center.
unnecessary waste (Figure 5.11). Zitex-G115 is a pliable material and lays across flat and
(a) (b) (c)
Figure 5.11: We chose the illustrated seam patterns in an effort to minimize AR coating
material waste while covering the largest possible area without the material wrinkling. Zitex
G-115 is very compliant, so we were able to use it in its manufactured form. The RO3035
and RO3006 materials, however, are somewhat stiffer and prone to tearing. For this reason
we selected a radially symmetric petal-like pattern for the curved surfaces. The RO3035
and RO3006 seam pattern for flat surfaces provided the most efficient practical use of the
materials. (a) Seam layout for the RO3035 and RO3006 layers on curved surfaces. Sections
were clocked and scaled as necessary to minimize seam overlap; (b) Seam layout for the Zitex
G-115 layer on both flat and curved surfaces; (c) Seam layout for the RO3006 and RO3035
layers on flat surfaces. Sections were clocked to minimize seam overlap. Projections of the
seams for both the lenses and infrared filter are shown in Figure 5.12.
curved surfaces without issue, so we use it without modification (other than trimming it
to width where necessary). The RO3035 and RO3006 materials are somewhat stiffer and
are prone to tearing if they wrinkle, which is a problem when attempting to lay out a full
sheet over a curved lens surface. We choose to use a radially symmetric petal-like pattern
on curved surfaces for the RO3035 and RO3006 layers to avoid wrinkling or tearing. On
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(a) (b)
Figure 5.12: Projections of the seam layout for the three coated SPT-3G lenses (a) and
the single coated infrared filter (b) onto a plane parallel with the optics’ flat surfaces. The
projections show all three coating materials on both sides of the large-format optics: Zitex
G-115 (dotted), RO3035 (dashed), and RO3006 (dot-dot-dashed). Flat/bottom surfaces are
marked in blue and curved/top surfaces are marked in red.
flat surfaces we use a pattern that minimizes waste of the Rogers Corporation materials.
Projections of the seam layout onto a plane parallel to the optics’ flat surfaces are shown
in Figure 5.12. Additional details regarding the manufacture of both coatings, including
production time tables, are given in Nadolski et al. (2018).
The seams in each AR coating layer are <100µm wide and conservatively estimated to
occupy <0.5 % of the total optical area of a lens. Even at the high-frequency edge of the
220 GHz SPT-3G observing band, Dseam/λ < 0.1. In the ray limit, we anticipate scattering
loss due to the seams to be dominated by reflective and absorptive loss due to the AR coating
and bulk alumina, respectively.
On the other hand, it is worth noting that the Dseam
λ
approximation does not hold in the
wave limit. We expect the AR coating seams will cause sidelobes in the SPT beam because
they will appear as mm scale discontinuities at the primary reflector. For instance, 100µm
seams on the aperture lens will image directly to the primary mirror at a ∼4 mm scale. The
primary reflector itself is composed of 218 panels separated by ∼1 mm gaps, which are filled
by low-profile beryllium-copper spring flanges (Padin et al., 2008a,b; Carlstrom et al., 2011).
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The gaps between panels are ∼3 mm across, and the effect of these gaps on the SPT beam
is known. These discontinuities are known to cause sidelobes due to scattering, and their
effects on the PSF have been simulated. However, the effects of seams in the SPT-3G large-
format AR coatings will require additional study. Accounting for the seam asymmetry (with
respect to curved vs. flat sides of the optics) in the large-format coatings may be difficult.
The unknown orientation (i.e., clocking) of the optics with respect to one other may cause
additional difficulty in the analysis.
Table 5.2: Approximate timeline to AR coat a single side of a large-format optical
element
Step time (h) Cumulative time (h)
Description Hands-on Process Hands-on Total
Material preparation 4 − 4 4
Inner layer application 1.5 10 5.5 15.5
Middle layer application 3 10 8.5 28.5
Outer layer application 3 10 11.5 41.5
Final bake 1 10 12.5 52.5
The “Step time” column is divided into “Hands-on” and “Process”. Hands-on
time is the time that is spent physically working on a part, while process time
is the time required for a process to complete (e.g., oven cycling).
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Chapter 6
Optical tests of SPT-3G AR coatings
and materials
In this chapter I present the results of optical tests of the materials used in SPT-3G optics and
AR coatings, as well as tests of the finished coatings themselves. I describe the motivation for
these tests, and briefly address the methods we used (Fourier transform spectrometer, vector
network analyzer, and reflectometer). I also discuss the sample preparation and analysis.
6.1 The need for mm wave measurements
Using unmodified, commercially available materials as mm wave AR coatings has advantages
and disadvantages. Among the advantages are a reliable supply chain, low-variance dimen-
sional tolerances, and consistent electrical properties. Disadvantages include limited options
for the coating properties—available sizes are usually fixed, and customizing the index and
loss tangent, for instance, isn’t practical or affordable—as well as limited information about
how the materials behave in use cases typical to a CMB experiment. Materials marketed as
“high-frequency” dielectrics are usually only high-frequency in the commercial sense, which
is to say for use above about 40 GHz; “low-temperature” dielectrics are typically intended
for use above −20 ◦C. These ranges fall well outside not only the SPT-3G survey camera’s
observation bands and internal temperatures, but outside the ranges of many other exper-
iments too. Perhaps this wouldn’t be a problem if the electrical (i.e., optical) properties
Portions of this chapter are published in Nadolski et al. (2020) and are being prepared for publication by
the South Pole Telescope collaboration. The manuscript’s working title is “The SPT-3G Survey Instrument.”
Other portions are published in Nadolski et al. (2018).
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of these materials at 40 GHz could be extrapolated to 270 GHz, or from 250 K (−20 ◦C) to
300 mK, but they can’t be.
In general, characterizing the optical properties of materials as a function of frequency
and temperature is hard to do. Analytical expressions usually only exist in the simplest
cases: high-purity, single crystal structures like silicon or sapphire, for instance. In most
other cases the temperature and frequency response needs to be mapped out empirically.
This is especially true of composite materials, whose macroscopic properties are determined
by the microscopic qualities of their constituents: relative ratios, particle size distributions,
dielectric constants and loss tangents, and so on. The behavior of these materials is compli-
cated, so we shouldn’t be surprised when assumptions based on their properties at relatively
low frequency and high temperature break down.
6.2 Experimental methods
We used a combination of three measurement methods in our efforts to characterize the
SPT-3G AR coatings and their constituents: Michaelson Fourier-transform spectrometer
(FTS), single-port vector network analysis (VNA), and reflectometer. The measurements
were conducted at the University of Chicago, Harvard University, and the University of
Michigan, respectively, since the University of Illinois Observational Cosmology Laboratory
does not have characterization equipment.
6.2.1 Michelson FTS
We used a Winston cone-coupled, cryogenic bolometer and Fourier transform spectrometer
(FTS) to characterize the performance of the lens- and lenslet-prescription coatings and their
constituent materials between 150 GHz and 350 GHz at 300 K and 77 K. The monolithic
silicon bolometer—described in Downey et al. (1984)—is housed in a open-cycle two-stage
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dewar (liquid nitrogen/liquid helium). The bolometer is responsive above ∼130 GHz and
low-pass filtered at ∼600 GHz. The bolometer’s high-frequency cutoff easily accommodates
the upper edge of the SPT-3G 220 GHz observing band, but its poor low-frequency response
is problematic. We are unable to get useful data in SPT-3G’s 95 GHz band and uncertainties
are large in the 150 GHz band due to the degraded responsivity. Though predating them
by several decades, the dewar we used is substantively similar to the modern HDL1 series
dewars made by IR Labs. The FTS we used is a copy of the design flown onboard the
COsmic Background Explorer (COBE); its design is described in Shoemaker (1980).
We used a chopped thermal source as the input signal to the FTS. The output of the FTS
was collimated through the test sample and then focused onto the cryogenic bolometer by
two nylon lenses (n = 1.727 according to Lamb, 1996; Figure 6.1). The bolometer was read
out by an analog-to-digital converter and data acquisition software. We minimized stray
reflections by covering surfaces along the optical path with Eccosorb HR-10, a strong mm
wave absorber.
FTS techniques are a popular tool in CMB experiments and instrumentation thanks to
their relatively simple design, broad functional bandwidth, and the ease with which samples
can be coupled into the device. They also do a good job of averaging over any small, localized
variations in a sample if the sample is beam-filling. This can be good and bad: often the
aggregate response of a sample is the figure of merit, but understanding variation in the
optical properties of a large part as a function of position can also be useful information.
Assuming the system is stable throughout the measurement, free-space FTS measure-
ments have the advantage that many systematics are controlled using a sample-in/sample-
out measurement strategy (Bell, 1966). Though system stability is a common assumption,
and probably a safe one up to a point, we could do a better job of understanding sources of























Figure 6.1: Diagram of the FTS measurement optical chain (left) and a detailed diagram of
the optics stack assembly (right). Eccosorb HR-10 (not shown) was attached to surfaces of
the optics stack assembly along the optical path in order to minimize stray reflections. The
liquid helium-cooled detector dewar contains a monolithic silicon bolometer that is coupled
via a Winston cone. Dimensions are not to scale.
6.2.2 Vector network analyzer
We performed a vector network analyzer (VNA; Keysight 8510C) single-port S11 measure-
ment of the same lens-prescription sample used in the FTS tests, which provides an interest-
ing complement to the FTS data. The normal incidence, free-space S11 measurement ranged
from 75 GHz to 110 GHz, complementing the poor quality 95 GHz data from the FTS.
The VNA signal was coupled to free space by a WR-10 rectangular horn antenna, and
collimated by a 90◦ refocusing mirror, in the same manner as Barkats et al. (2018). The
sample was placed at a position where it filled the beam. The normal-incidence S11 mea-
surement ranged from 75 GHz to 110 GHz and was calibrated to an aluminum mirror (short)
and mm-wave absorber (load). We employed time-domain gating to minimize spurious sig-
nals from within the room and at interfaces throughout the waveguide set-up leading to the
feedhorn. We relatively calibrated the VNA to an aluminum mirror (short) and mm wave
absorber (load), rather than absolutely calibrated it using a kit intended for the purpose.
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This is a quick, convenient calibration method to use in the absence of expensive calibration
equipment;2 the accuracy is probably good enough to get an impression of how a test sample
behaves, but it is not good enough to draw inferences about the properties of the sample.
It’s also important to remember that the method is in fact relative and limited by the quality
of the absorber and mirror. In our case, the aluminum mirror—a scrap aluminum plate—
was scratched and scuffed, which may have scattered some of the VNA’s signal out of the
optical path rather than returning it. Ultimately this imperfect relative calibration would
have manifested as an artificially inflated S11 signal from the sample.
6.2.3 Reflectometer
The reflectance of one of our lens-prescription samples was measured by University of Michi-
gan graduate student Grace Chesmore under the direction of Professor Jeffrey McMahon.
The measurement there was made using a reflectometer, which is described in Chesmore
et al. (2018). The sample was measured at a 10◦ angle of incidence between ∼90 GHz and
∼180 GHz. Notably, the sample measured by reflectometer was made from an unknown type
of alumina. What we can say about the alumina used in the reflectometer sample is that
it was different to the alumina used in the FTS/VNA sample. This makes it challenging
to draw meaningful inferences from a comparison of the reflectometer data to the FTS and
VNA data.
6.3 Sample preparation
We prepared samples only intending to make FTS measurements. The VNA and reflectome-
ter measurements were unexpected, short-notice strokes of good fortune so we reused samples
we had on hand rather than make new ones. Below, I describe why and how we prepared the
2O($10 000)!
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FTS samples; the process applies to the VNA/reflectometer samples, too, except as pertains
to the reflectometer substrate.
Samples measured by Michelson FTS need to be at least one or two wavelengths thick
to produce a meaningful optical delay and provide a useful signal. By themselves, the
individual PTFE sheets used in the SPT-3G AR coatings are too thin to yield transmission
spectra at the frequencies we’re interested in. We solved this problem using a common
technique: adhering individual thin films to a transparent substrate. We used a CoorsTek
AD-995 alumina disc (152.4 mm outer diameter × 6.35 mm thick; 6 inch outer diameter ×
0.25 inch thick) as the transparent mounting substrate for each sample. The alumina disc
produces a Fabry-Perot-like interference spectrum when placed in the FTS optical path, and
the interference spectrum changes depending on the properties of its thin film(s) coating.
The alumina discs were all members of the same powder and firing batch, so we did not
expect significant variations in their properties. Nevertheless, we measured the refractive
index of each disc (at both 77 K and 300 K) so we could decouple the disc’s properties from
properties of the coating materials that were applied later. We also measured the thickness
of each disc—an important factor in determining the refractive index—at 20 points across
its surface. This allowed us to check for thickness gradients across the disc (we saw no
evidence for this) and gave us an average thickness for the part. We measured the thickness
using a general purpose granite flat-surface plate (Grade A) and digital micrometer mounted
perpendicular to its surface.
With individual refractive indices and thicknesses in hand, we assigned each disc a test
material: Zitex G-115, Porex PM-23J, Rogers RO3035, or Rogers RO3006. Two discs were
assigned the complete lens- and lenslet-prescription coatings. We measured the thicknesses of
each test material layer and each bonding layer (∼25.4µm thick LDPE) in each sample using
the same method we did for the discs. We laminated the test materials to the substrates by a
vacuum-bagging process. Both sides of each disc were coated by a single stock-thickness layer
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of test material, except for the two discs that were prepared using the complete, multilayer
lens- and lenslet-prescription coatings.
In total, we prepared six sample discs: Zitex G-115, Porex PM-23J, Rogers RO3035
bondply, Rogers RO3006 bondply, lenslet prescription, and lens prescription. We also had
one 25.4 mm thick (1 inch thick) alumina sample that we did not coat. The purpose of this
thicker sample which was to measure attenuation in the bulk alumina. The thick alumina
sample came from a different powder and firing batch than the coated samples, but we
assumed its loss tangent was representative of the thinner alumina discs. This was a necessary
assumption, though it may not be a very good one.
Previously, we had constructed a lens-prescription sample using the same method as
above, but it was adhered to an alumina disc of unknown quality. The disc was purchased
in bulk from a Chinese vendor; its formulation and origin are completely unknown and—
apparently—untrackable. We did not measure the refractive index and loss tangent of this
disc before coating it, which was an oversight. However, we did measure the 300 K refractive
index of other, presumably similar, discs that were shipped with it. The refractive indices of
those other discs (n300K . 3.05) are different from properties typical to CoorsTek’s AD-995
formulation (n300K ∼ 3.11).
6.4 Experimental procedure
We conducted two rounds of sample-in/sample-out measurements to determine the trans-
mittance of the samples. In the first round we measured the uncoated alumina discs to
determine their individual refractive indices and loss tangents. Then, over the course of a
few weeks, we coated those discs in the manner described above. After all the samples were
prepared, we measured them twice more: once warm (300 K), and once cold (77 K).
In every case, measurement procedure was to conduct a reference scan set with a clear
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optical path (sample-out), then a test scan set with the sample placed in the optical path
(sample-in). Each scan set produced between three and nine interferograms. We calculated
the Fourier transform of each interferogram in a scan set, then averaged those spectra to
obtain the averaged spectrum for the set. We then calculated the transmittance spectrum by
taking the ratio of the average sample-in and sample-out spectra. A complete measurement
(all sample-out scans followed by all sample-in scans) required .10 min to conduct—a time
scale on which changes in detector response are negligible.
6.5 Results
Due to the detector’s limitations (discussed in § 6.2.1), we restricted our analysis to frequen-
cies between 150 GHz and 350 GHz, the region nearest the SPT-3G observing band where
the uncertainties are smallest. We expect the measurement uncertainties to be dominated by
statistics rather than FTS systematics, which are eliminated due to the sample-in/sample-out
measurement strategy.
As noted in § 6.3, after the first round of testing we extracted the refractive index of each
uncoated 6.35 mm thick alumina disc; we modeled each disc as lossy dielectric slab following
the method outlined by Halpern et al. (1986). Alumina has a low loss tangent, so—despite
being a good probe of the refractive index—the 6.35 mm discs were a poor probe of the loss
tangent. Conversely, though a poor probe of the refractive index due to our FTS’s resolution
limits, the uncoated 25.4 mm thick disc was a good probe of the loss tangent. So we used
measurements of the thick disc to constrain the loss tangents of the thin ones. Placing limits
on the refractive indices and loss tangents of the uncoated alumina discs allowed us to better
decouple the effects of the alumina’s properties from those of the AR coating plastics.
We used the characteristic matrix method (discussed in § 3.3) to fit for the refractive index
and loss of the AR coating materials in the single-layer samples, using the previously deter-
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mined alumina refractive index and loss tangent as model constraints (Heavens, 1955; Hou,
1974). With these inferred material properties as model inputs, we predicted the response
of the lens- and lenslet-prescription coatings, which we then compared to measurements
(Figure 6.2 and Figure 6.3). We accounted for changes in material thickness due to ther-
mal contraction at 77 K using CTE values from existing literature (Wachtman et al., 1962;
Lamb, 1996; Tonkin & Hosking, 1996; Blumm et al., 2010). At 77 K the PTFE layers shrink
by <2 %, and the effect on n is small compared to uncertainties in the cold measurement;
changes in the alumina at 77 K are even smaller.
We report the inferred material properties of the AR coating materials in Table 6.1. In
Table 6.2 we report the average transmittance and associated 1σ uncertainties of the lens- and
lenslet-prescription samples, measured before and after AR coating. The coatings improve
transmittance through their alumina substrates by ∼30 % in the 150 GHz and 220 GHz SPT-
3G observing bands. Uncertainties in the FTS data are large in the 95 GHz band, but
simulations and reflectance measurements suggest the coatings perform similarly there.
Table 6.1: Inferred material optical properties and ±1σ uncertainties at 150GHz
300 K 77 K
Material n tan δ × 10−4 n tan δ × 10−4
Porex PM-23J 1.292(3) < 1a 1.218(3) < 1
Zitex G-115 1.234(3) < 1 1.283(3) < 1
Rogers RO3035 1.679(2) 43(16) 1.653(2) 213(12)
Rogers RO3006 2.249(3) 97(14) 2.172(4) 230(24)
CoorsTek AD-995 3.112(1) 49(6) 3.089(1) 3(1)
a Due to the sensitivity limits of the experiment, we interpret these values to be
an upper limit on the loss tangent for the corresponding materials. The Zitex
loss tangent is in close agreement with published values (Benford et al., 2003); we
expect the Porex to have similar properties.
We obtained reflectance measurements of the lens-prescription coating in addition to the














Sample transmittance at 300 K














Modeled Measured 1  error
Figure 6.2: Measured transmittance of the lens- (top) and lenslet-prescription coatings (bot-
tom) at room temperature. The solid blue line and light-blue shaded region are the mea-
surement data and associated 1σ uncertainties; the red line is the model, which is produced
using best-fit values for the optical properties of each material. The vertical grey bars mark
the SPT-3G 95 GHz, 150 GHz, and 220 GHz observing bands, respectively. The passband of
the detector used in the experiment was ∼130 GHz to ∼600 GHz, but we restricted the fit
region to 150 GHz to 350 GHz. The lens-prescription data curve and associated error bars
are the result of five interferograms, while the lenslet-prescription data curve and associated
error bars are the result of eight.
6.6 Discussion
Measuring the dielectric loss of these materials is challenging, especially if the material is
this relative to the target wavelength or if it has a particularly small expected loss tangent.
Since many of these materials are only readily available as thin sheets, it was necessary to
mount them to a substrate before optical testing—but this adds complexity and degeneracy
to the problem. Though we attempted to break that degeneracy by measuring the bare
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Sample transmittance at 77 K
Modeled Measured 1  error
Figure 6.3: Measured transmittance of the lens-prescription coating at 77 K. We conductively
cooled the sample through the edges of the discs using liquid nitrogen. This allowed the
interior of the sample holder (above the surface of the sample and liquid-phase nitrogen)
to be a predominantly nitrogen gas environment, preventing frost build-up on the sample.
The solid blue line and light-blue shaded region are the measurement data and associated 1σ
uncertainties; the red line is the model, which is produced using best-fit values for the optical
properties of each material. The vertical grey bars mark the SPT-3G 95 GHz, 150 GHz,
and 220 GHz observing bands, respectively. The passband of the bolometer used in the
experiment was ∼130 GHz to ∼600 GHz, but we restricted the fit region to 150 GHz to
350 GHz. The lens-prescription data curve and associated error bars are the result of nine
interferograms. The lenslet-prescription coating did not survive the cooldown to 77 K, so
data for that sample are not shown.
alumina discs first, we were not completely successful.
The lenslet-prescription coating did not survive the cryogenic optical test—the coating
delaminated from one side of the alumina disc on cooldown to 77 K. Delamination of the
lenslet-prescription coating was consistent with our previous experience in cryogenic tests.
We’ve found that on ∼5 mm to ∼25.4 mm diameter scales the lenslet-prescription coating
survives cooldown to 77 K, but tends to delaminate at larger diameters (recall that the
sample coating used in this experiment was ∼150 mm diameter). In comparison, the lens-
prescription coating is robust up to ∼700 mm diameter. We do not have a good physical
model for why this is the case, but one hypothesis is that the intermediate LDPE layers of the
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Table 6.2: Sample average transmittance and ±1σ uncertainties at 300K and 77K
Observing band transmittance [%]
T [K] Substrate State 95 GHza 150 GHz 220 GHz
300
Lens coated 90(70) 97(2) 86.9(4)
bare ≤ 100 61(2) 57.1(2)
Lenslet coated ≤ 100 94(3) 84.6(3)
bare ≤ 100 61(2) 57.2(4)
77
Lens coated 90(70) 96(3) 85.4(3)
bare ≤ 100 67(3) 66.1(5)
Lenslet coatedb — — —
bare ≤ 100 67(3) 65.0(5)
a We include the 95GHz column for completeness, but consider the results
to be an upper limit on sample transmittance. Uncertainties in these data
are large due to the bolometer’s responsivity cut-off at ∼130GHz.
b The lenslet-prescription coating delaminated from the substrate upon
cooldown, so we are missing 77K data for that sample.
lens-prescription coating distribute thermal stresses more uniformly throughout the coating.
That the lenslet-prescription coating delaminates at all raises the question of how often the
event occurs, particularly at the size scale of the fielded lenslet arrays. The survivability of
the SPT-3G lens- and lenslet-prescription AR coatings is addressed in § 7.1.
Though we report a single number for the inferred refractive index and loss tangent in
Table 6.1, it should be remembered that n and tan δ are frequency-dependent quantities. We
take the properties of these materials at 150 GHz as a convenient proxy for their response
across the full SPT-3G observing bandwidth (∼77 GHz to ∼252 GHz). The quantities n
and tan δ are also temperature-dependent, a distinction we make here. It is worth noting
that while tan δ generally decreases with decreasing temperature (for a given frequency and
sufficiently wide range of temperature T ), it does not necessarily do so monotonically. The
functional form of tan δ(T ) can vary between materials, and the magnitude of tan δ(T ) may
vary between materials that are nominally the same.
Our findings for Zitex G-115’s refractive index and attenuation generally agree with
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Figure 6.4: Measured reflectance of lens-prescription coatings at room temperature. The
dashed black line is the best-fit model to our FTS measurements of the lens-prescription
coating, the blue curve shows reflectometer data, and the red curve shows single-port VNA
data. The vertical grey bars mark the SPT-3G 95 GHz and 150 GHz observing bands. The
sample substrate used in the FTS and VNA measurements was a different formulation than
the substrate used in the reflectometer measurement. Accounting for the 10◦ incident angle
used in the reflectometer measurement (vs. the normal-incidence VNA measurement) does
not explain the difference in the data.
the values reported in Benford et al. (2003) for Zitex G-125, a similar, thicker material:
nG-125,2K = 1.20 ± 0.07 and α . 0.01 cm−1, which is equivalent to tan δ  1× 10−4. We
expect scattering loss at the porous Zitex/Porex layer to be negligible—even at the highest
SPT-3G observing frequencies—due to the small size of the pores (typically 1µm to 3µm)
(Plastics, 2017; DiBattista, 2015). Notably, we find a lower refractive index and higher
loss tangent in our alumina sample than reported in Lamb (1996): n300K = 3.1451 and
tan δ = 14.5× 10−4 .
To the our knowledge, measurements of RO3035 and RO3006 at these frequencies have
not yet been published. The increased RO3035 and RO3006 loss at 77 K relative to 300 K
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is a surprising feature of Table 6.1 (43× 10−4 vs. 213× 10−4 and 97× 10−4 vs. 230× 10−4,
respectively). From experience we have found PTFE, especially loaded PTFE like the Rogers
materials, to behave in manners counter to our expectations. The increased 150 GHz loss
we see at 77 K is supported by preliminary measurements of a ∼6.35 mm-thick sample of
RO3006. We are still working to interpret those data, but the slope of tan δ(T ) generally
agrees.
6.6.1 Reflectance measurements
The mean reflectance of the reflectometer sample, which was measured at the University
of Michigan, is ∼3.1 % in the probed portion of the 95 GHz SPT-3G observing band. In
comparison, the mean reflectance of the sample measured via VNA is ∼2.8 % throughout
the 95 GHz band. The mean reflectance of the reflectometer sample across the 150 GHz band
is <1 %. We did not have the proper equipment (frequency extenders, for instance) to collect
VNA data in the 150 GHz band.
As stated in § 6.3, the lens-prescription sample measured by reflectometer was made
from a different type of alumina compared to the sample measured via FTS and VNA. The
substrate used in the reflectometer measurement was not produced by CoorsTek. We did
not measure that specific substrate before coating it, but we have found substrates from the
same batch have n300K ≈ 3.05, in contrast to the CoorsTek samples which have n300K ≈ 3.11.
Therefore, we do not expect the VNA and reflectometer data to match perfectly.
The best-fit optical properties to the FTS data are not well-matched to the S11 data in
terms of fringe periodicity; amplitude is a closer match, though still imperfect (Figure 6.4).
Our fit parameters are derived from a higher frequency range than the S11 measurement,
so some drift in the optical properties of the materials is anticipated due to the frequency-
dependent nature of the dielectric function.
We are able to better model the VNA and reflectometer data by assuming the inferred
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optical properties of the materials in Table 6.1 and tuning the refractive indices of the
samples’ alumina substrates. In both cases, increasing the substrate refractive indices by
∼3 % almost entirely recovers the fringing periodicity, as well as much of the amplitude.
However, the refractive indices of the other materials should also be changing with frequency,
so varying only the alumina refractive index does not tell us much except that the “effective
index” of each sample appears to increase toward lower frequency. Carefully quantifying the
frequency-dependent dielectric functions describing the optical properties of these materials
is beyond the scope of the current analysis and will require further experimentation.
6.6.2 Modeling the response of an isolated, AR coated SPT-3G
lens and lenslet
For logistical reasons, we did not directly measure the optical efficiency of the finished, AR
coated lenses and lenslets in isolation before their integration with the rest of the SPT-3G
survey camera. Table 6.3 enumerates an effort to use the inferred material properties of the
AR coating materials and alumina at 77 K (Table 6.1), as well as the known geometry of the
SPT-3G lenses and lenslets, to estimate the optical efficiency of those elements after the fact.
We assume a 2.5 mm thick lenslet and 69 mm thick lens (the approximate thickness of the
SPT-3G collimator lens) for the respective models. The transmittance (T), reflectance (R),
and loss (L) values are the result of 10 000 realizations of normally incident waves on both
lens and lenslet models. At every realization, n and tan δ for each material were randomly
sampled from within the ±1σ regions in Table 6.1. Scattering is not included in the model.
It is important to note that Table 6.3 does not represent the end-to-end optical efficiency
of the SPT-3G experiment, which includes many additional factors. Rather it suggests the
level of performance a CMB experiment with a similar AR coating and lens material might
expect from a lens or lenslet. The end-to-end efficiency of the SPT-3G survey camera is
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discussed in § 7.2.
Table 6.3: Modeled response of an SPT-3G lens and lenslet with associated ±1σ
uncertainty for each SPT-3G observing band
2.5 mm thick lenslet 69 mm thick lens
Qtya 95 GHz 150 GHz 220 GHz 95 GHz 150 GHz 220 GHz
T 0.955(2) 0.904(3) 0.885(4) 0.677(37) 0.604(42) 0.520(45)
R 0.009(2) 0.045(1) 0.043(2) 0.022(1) 0.024(1) 0.040(2)
L 0.037(3) 0.051(3) 0.072(4) 0.304(37) 0.375(42) 0.444(45)
a T, R, L refer to transmittance, reflectance, and loss, respectively.
Alumina is the dominant material in both the lens and lenslet systems: it is the thickest
material and has the highest refractive index. The dielectric loss of a sintered alumina part
is known to depend on the conditions under which it was manufactured, but there is not a
good model to predict a part’s loss tangent a priori (nor even after the fact in the absence of
non-destructive forensic methods). Since the sintering process itself depends on the geometry
of the part, there is no guarantee that the internal microstructure (and by extension, the
loss tangent) of a 2.5 mm, 6.35 mm, 25.4 mm, and 69 mm thick part is identical. If the loss
tangent of an alumina part must be known with high accuracy, then the part should be
measured directly—the loss tangent of a proxy such as a witness blank is not necessarily a
good indicator, even if it came from the same raw powder batch and firing.
Given that alumina’s loss properties are complicated and difficult to measure, it makes
sense to eliminate those effects from the system to compare the effectiveness of AR coatings.
Figure 6.5 does just that. It shows the fraction of light that propagates through the AR
coating into the alumina optic itself. Treating the alumina optic as an infinite slab suppresses
Fabry-Perot-like fringing, making it easier to visualize the coating’s performance. Since
attenuation in the alumina is zero, we only see the reflective and absorptive effects of the
coating itself.
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AR coating transmittance, best-fit parameters
lens
lenslet
Figure 6.5: Best-fit models to laboratory measurements of the SPT-3G lens- and lenslet-
prescription antireflection coatings. The curves show the response of a coating attached to
one side of a lossless, infinite alumina substrate. The shaded regions denote the SPT-3G
observing bands, centered at 95 GHz, 150 GHz, and 220 GHz, respectively.
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Chapter 7
SPT-3G AR coating performance in the
field
In this chapter I describe the performance of the SPT-3G AR coatings in the field. I address
the cryogenic performance and overall survivability of the fielded AR coatings in § 7.1. In
§ 7.2 I discuss the end-to-end optical efficiency of the SPT-3G survey camera, including some
of the assumptions that play a role in those estimates.
7.1 AR coating survivability
The CTE mismatch between PTFE and alumina or silicon is a serious, well-known issue.
To mitigate the problem we laser dice the lenslet array coatings; the inherent seams in the
lens-prescription coatings probably play a similar mitigating role. But there is the question
of how well the coatings hold up in the field. Every thermal cycle runs the risk of damaging
components—a particularly salient concern with the high-CTE AR coatings. How well do
they hold up after many thermal cycles from 300 K to 50 K, 4 K, or even 0.3 K? This is a
difficult question to answer quantitatively for several reasons, not least of which is that the
optics are (ideally) inaccessible and can’t be directly inspected.
However, since its 2016/2017 austral summer deployment, the SPT-3G survey camera’s
internal components haven’t remained as inaccessible as we’d like. The camera was warmed
and opened for maintenance during the 2018 winter, and again during the 2018/2019 summer
season. As of this writing there are no plans to open the camera again, but it’s impossible to
Portions of this chapter are published in Nadolski et al. (2020) and are being prepared for publication by
the South Pole Telescope collaboration. The manuscript’s working title is “The SPT-3G Survey Instrument.”
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predict whether it will suddenly be necessary. That said, there are some upsides to opening
the camera: namely, we have a chance to inspect the parts we can reach. Of course which
parts we inspect depends on how much of the camera we disassemble, which depends on the
level of maintenance we need to perform.
The 2018/2019 maintenance period afforded us the opportunity to partially inspect the
alumina infrared filter, field lens, and collimator lens. We were only able to see one side
of each of these large optics, but none showed obvious signs of delamination. We also had
the opportunity to perform a full census of thirteen lenslet arrays, ten of which had been
installed since the camera’s deployment. I inspected each pixel on every array, rating the
quality of its AR coating on a scale from one to five: one being a perfect AR coating, and five
being an uncoated lenslet. A score of four was reserved for lenslets missing one or more AR
coating layers (usually the low-index layer of the coating). Three corresponded to a complete
coating with a flared base—one that was solidly adhered to the lenslet at all points except
where it met the seating wafer; these pixels may develop problems after further cooldowns.
Lenslets that were rated neither three nor one got a score of two. The results were that
97.9 % of pixels scored a three or better and 85.3 % of pixels scored a two or better. Fewer
than 1 % of pixels scored a five.
7.2 End-to-end optical efficiency
One of the most important measures of a CMB experiment—or any telescope—is the effi-
ciency of the instrument: how much of the incident light is turned into a signal that can be
used for science? ηRCW38 —the median, by-band efficiency of the SPT-3G survey camera—is
27± 4 %, 45± 8 %, and 12± 2 % in the 95 GHz, 150 GHz, and 220 GHz bands, respectively.
The by-band efficiency distributions for one of our best-performing wafers are shown in Fig-
ure 7.1. ηRCW38 , is estimated by comparing detector response to the known brightness of
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Figure 7.1: Measured end-to-end optical efficiency of the SPT-3G survey camera, referenced
to RCW38. ηRCW38, the end-to-end SPT-3G optical efficiency, split by observing band.
Optical efficiency is calibrated to RCW38 or MAT5a (NGC 3576), both of which are well-
characterized HII regions (Puchalla et al., 2002; Coble et al., 2003). We use the known
brightness of these sources to estimate an absolute temperature calibration for each detec-
tor. The efficiency distributions represent active bolometers on a single, well-characterized
detector module—those bolometers on W176 responding to a chopped thermal source with
a signal-to-noise ratio >20)—in each RCW38 observation between 11 February 2019 and 06
June 2019. The dashed lines mark the median of the associated distribution. (Figure to
appear in SPT-3G collaboration, in prep.)
RCW38, a galactic HII region located at ICRS coordinates 8h59m5.5s right ascension and
−47◦30′39.4′′ declination. On its face, end-to-end efficiency seems like a straightforward
metric, something that should be easy to determine. In fact it disguises panic-inducing com-
plexity. We make assumptions and simplifications to avoid that panic, but sometimes we do
so without acknowledging them—or worse—without realizing that we’re making assumptions
at all.
There are three particularly notable features in Figure 7.1. The first is the broad dis-
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tribution of the 150 GHz response; the second is the apparently bimodal distribution of the
90 GHz response; the third is the median of the 220 GHz response, which is lower than we
expect from our predictions. The third feature—low 220 GHz response—is the most imme-
diately worrisome. Figure 7.2, which models the SPT-3G cold optics chain by element and
combined, illustrates the problem. This figure contains a lot of information—the “combined





















combined cold optics, filtered
measured RCW38 efficiency
Figure 7.2: The SPT-3G cold optical chain transmittance model. The vertical grey bands
mark the SPT-3G observing bands. Each curve models a separate optical element in the
chain; the corresponding shaded regions mark the ±1σ error on the materials’ loss tangents.
The orange and blue curves show the combined response of the individual elements, with
the blue curve accounting for additional filtering effects downstream of the lenslet (triplexer
filter response and antenna efficiency) and upstream of the IR filter (aperture efficiency).
The black points and associated error bars mark the measured, in-band ηRCW38 . The field
lens (pink) and aperture lens (red) are the same thickness to within ∼0.5 mm, so those curves
are nearly indistinguishable.
cold optics” (orange) and “combined cold optics, filtered” (blue) curves in particular bear
explanation. But first, people familiar with plots of AR coating transmittance are used to
seeing fringing patterns in the response, which are not present here. The smooth curves
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shown here are the result of modeling only one half of each cold optic (with the exception of
the lenslet), and squaring the output. The full and half-model squared methods are compara-
ble: differences between the full model’s response and the half-model’s squared are typically
<1 %. The orange curve is the simple product of each cold optic’s response. The blue curve
factors in a frequency-dependent aperture efficiency (∼56 %, ∼83 %, and ∼97 % at 95 GHz,
150 GHz, and 220 GHz, respectively), the as-designed triplexer filter response (Figure 1.3b),
and an assumed uniform antenna efficiency of 85 % (Figure 1.3a). The black points are the
median measured ηRCW38 and associated error bars in each SPT-3G observing band.
This simple optical model does a reasonably good job of matching the measured 95 GHz
and 150 GHz response, but overestimates the 220 GHz response. There are a few possible
explanations for this discrepancy. Scattering is a natural culprit given the strong frequency-
dependence of the effect, but we see no clear evidence for this in our optical loading estimates.
SPT-3G beam analysis is underway and may provide more information on this front.
Another culprit is greater attenuation through the alumina components or AR coat-
ings than we expect. Measurement detailed in this dissertation and elsewhere seem to rule
this out, but with the caveats I’ve mentioned throughout. One in particular is worth stat-
ing again: optical characterization of an alumina optic’s properties are only meaningful if
the tested sample’s properties are analogous to the installed optic’s properties. Since the
tested sample and installed optics are made by the same company using the same alumina
formulation, their properties should be similar. But they are not necessarily identical. In-
trinsic factors (e.g. fundamental crystal structure) and extrinsic factors (e.g. porosity, grain
boundaries, impurities, etc) contribute to the total dielectric loss—and to a lesser extent,
the refractive index—of sintered alumina (Gurevich & Tagantsev, 1991; Penn et al., 1997).
These factors depend on the details of the manufacturing process, which in turn depends on
the geometry of the part itself.
It could also be that one or more of the approximations we make for the purpose of
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estimating ηRCW38 is not as well-motivated as we’d hope. One implicit approximation is
that the SPT-3G detectors operate in the limit of high (infinite) loop gain and zero load
resistance. Adam Anderson seems to be the first person to have noticed this simplification,
and provided a great deal of assistance and expertise in the following study. Anderson
noticed that SPT-3G’s analysis software uses a simplified expression for TES’ response to
power. Since optical efficiency is a measure of the instrument’s response to optical power,
it seemed like this was worth exploring—after all, we are unable to conclusively explain the
low 220 GHz response. If we’re using the wrong expression for responsivity, then we’ll have
a difficult time understanding the performance of the instrument.
In the software, the current-to-power responsivity of a detector is defined as
dI
dP




which doesn’t account for the finite loop gain LI and load resistance RL of real SPT-3G
detectors. The full expression (Equation 37, Irwin & Hilton, 2005) is




























The zero-frequency responsivity is then














The electrical time constant τel hides additional factors of L, R0, and RL:
τel =
L
RL +R0 (1 + βI)
. (7.4)
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Anecdotally, βI → 0 in the devices we use. (I’ll adopt this claim for the sake of simplicity,
but I’ve struggled to find a supporting reference. It may be this is another aspect we should
treat more carefully.) We can use the simplified form of Equation 7.4 to rewrite Equation 7.3
as





R0 (LI + 1)−RL (LI + 1)
)
. (7.6)
In the limit that RL = Rshunt + Rparasitic → 0, we’re left with the more familiar expression
for sI that incorporates loop gain:








And as LI → ∞ we recover Equation 7.1, the software’s default definition of responsivity.
Now we can ask the question “How far off is the approximation?” Depending on the preferred
combinations of limiting case, values for LI and RL that are expected to be typical of SPT-
3G detectors yield a range between ∼90 % and ∼170 % the simplified form of sI given in
Equation 7.1.
Figuring out how all this translates to the sky—how it impacts our optical efficiency
estimates—requires a great deal of careful lab work, or a great deal of guess work. Direct lab
measurements are preferable, of course, but I used the latter approach since the detectors
are installed in the camera already. It turns out that correcting for factors such as bias
inductance, parasitic resistance, and loop gain doesn’t have a large effect on our original
optical efficiency estimates; the medians of the distributions only shifted up by∼3 %. Making
these corrections does not explain our factor-of-two lower than expected response in the
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220 GHz band. In principle, improving on this study would be easy; logistically, it may
prove difficult. We would need to dedicate lab time to making careful measurements of
various detector properties and understanding the systematics of those measurements. We
would also have to make enough measurements to feel confident that we have a representative
data set.
As of this writing there are two more assumptions in our ηRCW38 estimates that are inter-
related and worth mentioning. Using the technique described in Schaffer et al. (2011), the
SPT-3G temperature calibration is based on a relation of the CMB power spectrum as mea-
sured by SPT-SZ to the CMB power spectrum as measured by the Planck satellite. However,
CMB power spectrum measurements depend on the characteristics of the measuring instru-
ment’s beam pattern and detectors. We should not expect SPT-3G to have the same beam
as SPT-SZ—the entire optical design has changed radically between the two experiments.
Nor should we expect the SPT-3G bandpasses and frequency response to be exactly the same
as SPT-SZ—after all, the two cameras use different optical coupling schemes and detector
architectures. Moreover, since our goal is to relate in-band power to sky temperature our
definition of “in-band” is important. We assume our SPT-3G bandpasses are rectangular
functions, and that each band’s edges are the as-designed −3 dB response of the triplexer
filter, but this is not actually the case (Pan et al., 2018; SPT-3G collaboration, in prep.). In
effect, we’re using the ideal detector response as our point of reference, so ηRCW38 estimates
are inherently conservative. We will be able to make a more accurate ηRCW38 estimate once
we’ve characterized the SPT-3G beams and recalibrated to Planck, but for now we have no




The previous pages document the first steps toward developing a scalable, high-throughput
production process for AR coating ceramic, mm scale lenslet arrays. They also outline
a method for AR coating large scale (70 cm) ceramic lenses. These coatings will play an
important role in the upcoming CMB-Stage IV mission (CMB-S4), which is a collaboration
of the major U.S.-based CMB research groups. CMB-S4 is a roughly $600 million dollar
project jointly funded by the U.S. Department of Energy (DOE) and the National Science
Foundation (NSF). The science goals of CMB-S4 are broad: from inflationary cosmology and
high-energy particle physics, to astrophysics and investigating the dark universe. Achieving
these goals means building a system of telescopes that cover a wide range of frequencies at
both degree- and arcminute-scale angular resolution.
The AR coatings discussed in this work will be directly applicable to CMB-S4’s ∼0.5 m
diameter small-aperture telescopes (SATs)—as opposed to the 6 m diameter large-aperture
telescopes (LATs), which will employ small diameter silicon lenses. At present, each of the
proposed 18 refracting SATs are based on the BICEP design (Kang et al., 2018, Figure
3). Each telescope will employ two to three lenses and an infrared filter, and each of these
elements will require some form of AR coating. While not all of these 72 elements will be
made from alumina, dozens probably will be. This requires a low-cost, low-risk solution that
can be implemented on short timescales—e.g. the large-format process laid out in chapter 5.
There are other AR coating techniques for large diameter lenses and filters, but none are
as mature as the plastic laminates discussed in this dissertation, nor have they been field
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tested to the same degree. Several of the alternative methods rely on removing material from
the lens using a saw or laser. Not only is this expensive and time consuming—O($100,000)
and several months work of work for a subset of the total number of lenses—but fabrication
errors may ruin a lens if not caught early. Other additive methods exist: 1) thermal-spray
deposition of an alumina powder-hollow ceramic microsphere mixture, and 2) cast epox-
ies. These methods, too, are expensive—again, O($100,000)—and require a complicated,
outsourced manufacturing process. In addition, the epoxy and plasma-spray methods in
particular are still under active R&D: for instance, the epoxy method has yet to be demon-
strated on curved surfaces.
For better or worse, the plastic AR coatings described in this work are the only multi-
layer coatings of their kind operating on-board a major CMB telescope—perhaps any CMB
telescope. They are the only three layer quasi-optical and large-format systems available.
Are they perfect coatings? No. But they exist, and that has value.
These AR coating problems aren’t solved—there is a great deal of room for improvement.
Having the basic machinery and techniques in place affords us the opportunity to optimize
and better understand our processes and materials. It affords us the opportunity to improve
our metrology. Critically, it affords us a viable contingency plan should the CMB field choose
explore other AR coating methods for future experiments, and find those methods don’t yield
satisfactory results. Then, at least, there is this fallback. (That said, contingency plans seem
to be underrated. The phrase “success oriented strategy” comes to mind.)
One of the places I see the greatest gains to be made is in understanding the materials
we use. In general, CMB experimentalists could do a better job of this. We rely too much on
anecdotes and extrapolation, hoping things we use and design at room temperature function
the same way at 4 K, or that things someone else uses and designs at 10 GHz function the
same way at 300 GHz. Historically, there may have been technological reasons for the absence
of measurements at cryogenic temperatures and high frequencies. Today it seems more like
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professional inertia and force of habit that keeps us from making better measurements.
Materials scientists have a good handle on this kind of problem—we can draw from their
decades of experience and use their work as inspiration. Good examples are measurements
done by Afsar et al. (1976) and Afsar & Button (1983), as well as Alford & Penn (1996) and
Alford et al. (2000). (See also the extensive body of work by these groups, their collaborators,
and others.) Krupka (2006) is a good survey of techniques.
On another front, commercial applications are creeping into the high-frequency mm wave
regime. We should expect to see new materials become available as 5G and similar technolo-
gies come on-line and mature. There is no reason to reinvent the wheel or make boutique
coatings simply because we can.
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